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% ; ABSTRACT

; AN ISOLATOR IN IMAGE GUIDE ‘
[
An image guide consisting of a layer of dielectric and a g
j layer of ferrite with periodic metal strips between these layers
) is analyzed. Non-reciprocity of the phase constants caused by the
gyrotropic nature of the ferrite makes it possible to create non-

reciprocal leakage phenomena by means of the metal strips. These

phenomena can be used to develop a distributed isolator. Numerical

results and data from the experimental investigation performed are

presented.
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INTRODUCTION

In the last decade, the microwave engineers have heen
trying to extend integrated circuits at microwave frequencies to
millimeter-wave frequencies. The approach to millimeter-wave I1.C.'s
tends more to optical waveguides than to coaxial lines as is the
case for microwave I.C.'s. The most promising means to make
millimeter-wave 1.C.'s is the image guide system. Various compo-
nents have been built. However, to date little has been done to
create a non-reciprocal device compatible with image guide systems.
The structure proposed here is one that is compatible with image
guides and is reasonable in size at millimeter-wave frequencies.

The isolators available at millimeter-wave frequencies
are the Faraday rotation type, the resonance type using hexagonal
ferrites, and those made from a junction circulator. None of these
are very compstible with image guide systems although the resonance
type could possibly be. Also, hexagonal ferrites are not commer-
cially available.

Several structures have been proposed to make a non-
reciprocal device compatible with image guides. These are mainly

(7,8,9,20]

field displacement devices and structures that have physi-

cal resonances at different frequencies in the opposite direc-

tionslls]. The present structure is an extension of a previously

suggested one where a periodic grating was created in the dielectric
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guide attached to a ferrite guidél! The structure analyzed in this
article consists mainly of a ferrite guide next to a dielectric
guide with periodic metal strips hetween the guides and oriented in
the E-plane.

In this article, Chapters 1 and 2 review ferrite theory
at microwave frequencies and with a simple explanation of how the
non-reciprocal ferrite devices presently in use work. Chapter 3
deals with the derivation of the theory for analyzing the propaga-
tion constant in the proposed structure. Chapter 4 presents the
numerical procedure and the computer program. Chapter 5 deals with
the experimental investigations and the comparison between the

experimental and the theoretical results.
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CHAPTER 1

GENERAL FERRITE THEORY, PARAMETERS AND MATERIALS

The purpose of this chapter is to give some insight of
what ferrite is, what makes it different from other materials and
what parameters distinguish different types of ferrite materials.
This chapter also deals in some detail with the derivation of the
so called permeability tensor of ferrites. This tensor permeability
is the most direct tool which could give an engineer imnsight into
how ferrite material is going to behave. The tensor permeability
is what makes ferrites different from other dielectric materials and
it would be used back and forth in analysis of systems containing
! ferrite materials, so it would be a good idea to look at the tensor
and see how it originates and how to control it to obtain the

desired characteristics.




1.1 Types of Magnetism

' a. Diamagnetism and Paramagentism

For any material the magnetic moment of an atom is equal to
the sum of the moments of its electrons. In a large number of cases,
this moment is zero due to the symmetry of the atom which contains as
many electrons rotating in one sense as in the other sense. Just as

in electromagnetism, where a flux gives rise to an induced current

tending to oppose any change, a substance which is acted on by a
magnetic field tends to respond by the creation of internal charges.
If the moments of the atoms are zero, then the induction is smaller

than the applied field and the magnetic susceptibility must be nega-

PSR TR TW R T TRV RTEY

tive. Such a substance is said to be diamagnetic. The magnetic
susceptibility is very small of the order of 10-5 (e.g., water has
x = -0.91 x 10-5).

If the magnetic moment of the atom is not zero, the body

is said to be paramagnetic. Substances where atoms have an odd
number of electrons are paramagnetic. This is the case of atoms

which have an incomplete internal shell as well as for free ions.

Metals are often paramagnetic because of the presence of conduction
electrons, as are also some bodies which have an even number of

electrons.

The susceptibility is now positive but it is still very

small (of the order of 1073 to 10“’).
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b. Ferromagnetism

A substance is said to be ferromagnetic when it possesses
a spontaneous magnetic moment in the absence of any applied magnetic
field. The spontaneous magnetic moment per unit volume is called
the saturation intensity Ms.

An explanation of this phenomenon was first given by

[29]

Weiss who postulated the existence of a force tending to align
all the magnetic moments of the atoms in the material in one direc-
tion. Thus, a ferromagnetic substance is a paramagnetic substance
in which therec exists a field, called the molecular or exchange
field by Weiss. This field aligns the magnetic moments of all the
paramagnetic atoms into one direction.

[22]

Heisenberg later showed that the molecular field was a
coupling of electrical origin which existed only if the distances
between the atoms in the material lay between certain well-defined
limits. The energy of this coupling is called the exchange energy.
It can be shown that for two neighboring atoms, whose spin moments

equal S and at an angle ¢ to each other, the exchange energy is

given by

W=7 Sz¢2 (1.1)

where J 1s a coefficient called the exchange integral.
However, the exchange energy which tends to align the
moment is more or less counterbalanced by the thermal energy which,

by random agitation of the atoms, tends to destroy the alignment.

o et = T e 4




This energy is proportional to the product of Boltzmann's constant
and the absolute temperature. At low temperatures the exchange
energy is predominant and a large number of the moments are aligned.
The saturation intensity Ms is, thus, relatively important. As the
temperature rises, the increase in the thermal energy gradually des-
troys the alignment and the saturation intensity decreases. When
the two energies are equal, the saturation intensity becomes statis-
tically zero. The temperature at which this occurs is called the
Curie point or Curie temperature.

Above the Curie point, the substance is no longer ferro-
magnetic and becomes paramagnetic. Below it, the moment Ms varies

as shown in Fig. (1.1).

0 T T (K)
c

Fig. (1.1) The variation of saturation magnetization with temperature

The value of the molecular field can be deduced from a
knowledge of the Curie temperature TC. In the case of iron 1t turns

out to be of the order of 5 million oersteds.
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The exchange energy is important only if the distances
between atoms lie between very narrow limits. There exist relatively
few ferromagnetic materials. 1In fact, only iron, cobalt and nickel
exhibit this property at normal temperatures.

It should be noted that a ferromagnetic material is not
necessarily magnetized to saturation. The reason is that in the
absence of an external magnetic field, the substance is divided

[16]

into small domains, called Weiss domains in which the moments
are aligned spontaneously and which are, therefore, saturated. But
the direction of magnetization varies from one domain to another

so that the overall magnetization can be quite small or even zero.

Fig. (1.2) shows schematically the distribution of Weiss domains in

a ferromagnetic material and the direction of magnetization for

each.
A AN AN AN
N LA
e \athah
//‘\i

Fig. (1.2) Weiss domain in Ferromagnetic materials

This microscopic domain structure has been verified photographi-

cally. It is assumed that each domain is separated from its neigh-

[13]

bors by a thin region, called a Bloch wall, in which the mag-

netization changes direction.
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In the presence of an external fjield, two phenomena can
happen; an increase in the size of the domains in which the magneti-
zation lies in the direction of the applied field, or a rotation of
the magnetization directions in the various domains tending to align
them with the field. The first of these two effects seems to exist
for relatively weak fields and the second for fields approaching
saturation. When the latter condition is reached, as in Fig. (1.3),

all the domains are aligned with the applied field.

B
2 _ 3
’/
B -
T/
4
p 2
/
{
/
/ e’ — — — a— — —
I 1
Hc H applied
Fig. (1.3)

(1Y Reversible zone
(2) 1Increase in the size of certain domains
(3) Rotation of the magnetization of the domains

1f the applied field is reduced or removed after a speci-
men of ferromagnetic metal has been magnetized to saturation, the
domains do not revert to their original positions. A certain

amount of magnetization or remanent induction Br’ is left. If it is

~ ‘. I-V.." ;- e ad
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large, we have a permanent magnet; if it is small, the material is
said to be soft. The corrective field is the field which must be

applied to reduce the remanent induction to zero.
c. Antiferromagnetism

In a ferromagnetic body, magnetized to saturation, all
the moments of the atoms are oriented parallel to the applied field
when the temperature is much below the Curie point. It can happen,
however, that the moments form an antiparallel arrangement, as shown
in Fig. (1.4). 1In this case the magnetization remains weak, the
susceptibility being then of the same order of magnitude as that of
a paramagnetic substance; the material is than said to be antiferro-

magnetic.

H f H

AR

J>0: Ferromagnetic J<0: Antiferromagnetic

Fig. (1.4)

It can be shown theoretically that ferromagnetism corresponds to a
positive exchange integral and antiferromagnetism to a negative

exchange integral.
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d. Ferrimagnetism

Knowing the molecular composition of a material, one can
determine the number of magnetons available to the part in the mag-
netization; (one magneton usually defined as the Bohr[13] magneton
is the smallest magnetic moment possible, which occurs due to one
electron spin). It is then easy to deduce the saturation intensity
of the material when all the magnetons are aligned parallel to each
other. It is now found that for certain compounds such as iron
oxide, FeO, Fe20, for example, the saturation intensity obtained
experimentally is considered less than the predicted value. If the
calculation is done in reverse, it is found that only 4.2 magnetons
per molecule of Fe304 have contributed to the magnetization, as
against the 14 magnetons available. To explain this, Neellls] pre-
sumed that the trivalent Fe3+ ions of Fe203 were antiferromagnetic
(moment aligned antiparallel), whereas, the divalent Fe2+ ions of
Fe0 were ferromagnetic (moment parallel); analogous ideas had been
proposed by Guilland on the subject of the components of manganese
and bismuth. This type of magnetism, which applies to the ferrites
which we are about to discuss, has been given the name ferrimagnet-
ism.

In a ferrimagnetic molecule, then, there are atoms between
which the exchange integrals are positive and atoms between which

they are negative. The overall moment of the molecule is the dif-

ference between the sums of the moments of opposite senses.

R Rt

Ly




1.2 Material Composition, Saturation and Curie Temperature

—

Relationships

As the temperature of ferrite is raised, the magnetic

structure is weakened and eventually falls into complete disarray

(the Curie point).

structure is already weakened and the Curie point reduced Fig.

(28]

(1.5) . Rare earth substitutions for yttrium in YIG do not

weaken the interaction, and the saturation magnetization can be

When non-magnetic ions are substituted, the

varied without affecting the Curie temperature.

ROOM TEMPERATURE SATURATION
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For ferrite devices, the Curie point determines both the
maximum operating temperature and a critical temperature range where
small temperature variations will have large effects on device

characteristics,
1.3 Precession and Gyromagnetic Resonance

Consider a particle rotating about itself (in this case
a spinning electron) which we shall assume to have the shape of a
small sphere Fig. (1.6). The axis of rotation is along a direction
Otl, which makes an angle 6 with the 0z axis of a set of reference
axes with origin 0 at the center of the electron. Since the elec-
tron has mass, there exists along the Ot a kinetic moment which is

designated by the vector p.

Fig. (1.6)
- FUEIR U0, YRR Y
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It can be shown that the kinetic moment is the product of
the action quantum h and the spin quantum number s, which has only
two possible values * 1/2. Since h = 105.4 x 10_36J/s, the only
two possible values of the kinetic moments are P, = hs =

36

+52.7 x 107" J/s. We know, however, that the electron also pos-

sesses a magnetic moment M which, in this particular case, is the
Bohn magneton Mb = 9.27 x 10‘21Mx - cm.

Any particle having mass and spin will give simultaneously

a kineti. moment and a magnetic moment. By definition, the ratio

PR

Yy = M/P is called the gyromagnetic ratio of the particle. In the

Y

particular case of the electron:

"y

(v =52 =17.6 x 10° (1.2)
e

If no external force is applied to the particle, it
rotates about the axis Ot, where direction remains fixed. Let us
suppose that a d.c. magnetic field H is applied along the 0z axis.

This magnetic field exerts on the moment M a couple:

1.3)

(1.4)

(1.5)




o —— + %Y ¥

Combining the above equations we get

7%

=Mx K&

=< |+

(1.0)

which is t.c differential equation of motion for the moment M.

With M, the tip of the vector M, as origin, let us take

a set of coordinate axis Mtl, Mtz, Mt3: Mt, is in the place of M

2
and 0z, and Mt3 is perpendicular to this plane.

The projections

of dM/dt on these three axes are given by kinematics. They are

dM
on Otl ac
Mdo
on 0%, at
d¢
on Ot3 M sin® at °

a.n

¢ being the angle between the projection of M on xOy and the Ox

axis.

Further, the projections of the vector product on the

three axes are: on 0Ot. & Ot

1 2 = 0; and on Ot =

the equations of motion of M are written %

ml& w

t

MHdc sinf. This last relationship gives:

d

MHdc sin6. Finally,

_ 1 d¢ -
= 0, Y M sin® Ty
(1.3)

Since, in addition a 0 and M —% = 0, then the locus of the tip

* dt d

of the M vector is a circle lying in a plane perpendicular to 0z.

The circle is described with an angular velocity:

14
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w= -, (1.9)

The M vector, therefore describes a cone around the 0z
axis with semi apex angle 0. We recognize here the phenomenon of
precession in a gyroscope. The frequency of rotation is given by:

—l-H . In the case of an electron,

w = 2nf, so that f = 77 H4c

f = 2.8Hdc (1.10)

where f is in GHz and H is kilo oersteds.

The precession thus produced is accompanied by a dissipa-
tion of energy which appears almost entirely as heat, the remainder
being transformed into an electromagnetic radiation of frequency f.
This dissipation of energy brings about a decay of the motion, the
angle 6 becomes progressively smaller and precession ceases when M

The time between the application of H, and

is aligned with H de

de”’

the end of the precessional motion is called the relaxation time.
let us now consider an electron under the influence of a

d.c. magnetic field H for a time long enough for the moment M to

dc

be aligned with H and for all precession motion to have ceased,

Fig. (1.7).




Let us apply to the electron a second magnetic field h,

lying in the x0Oy plane. The resultant field will be a vector

ﬁdc + h making an angle 6 with the direction Cz of the moment M,
and we find ourselves in the situation of the preceding paragraph
and the spin moment will again acquire a precessional motion around
the direction of (M + h).

Let us now suppose that the field h is a high frequency,
circularly polarized field. 1t is known that such a field is
characterized by a vector h which rotates in the plane of magnetic
polarization (here, the plane x0Oy) at the given frequency. 1In
these conditions, the vector (ﬁdc + h) describes a cone around 0z,

carrying with it the moment M which acquires a precessional motion

around it. Two cases can then arise:
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The sense of rotation of h is such that
the cone 1s described by (ﬁdc + h) in

the same sense as that of the precession;
in this case, if the frequency of h is
the same as that of the precession, there
will be synchronization of the two phenomena
and we have resonance. The amplitude of
the precession (aperture of the cone)
increases until the energy supplied by

the high frequency field exactly balances
the losses, and the motion is maintained
in equilibrium at the expensec of the high
frequency field which, therefore, suffers
a significant absorption. This phenomenon

is known as gyromagnetic resonance.

If h is small compared with H, it appears
when the value of the latter is such that

the frequency given by f = 2.8H o is equal

d
to the frequency of the field h. The d.c.

field at resonance, Ho, is therefore

= _ f
Ho = 238 °

The sense of rotation of h is such that

the cone is described by (ﬁdc + h) iIn

the opposite sense to that of the precession.

§‘




;
In this case, synchronization is
impossible and there cannot be any

gyromagnetic resonance.

One important fact will be observed: resonance occurs
for only one sense of polarization. Now, for a circularly polar-
ized high frequency wave, the sense of rotation depends on the
direction of propagation. Resonance, therefore, occurs in one
direction of propagation only; in the opposite direction, no signi-
ficant absorption occurs. This is a formal contradiction of the
reciprocity theorem. Gyromagnetic resonance is, therefore, a non-
reciprocal phenomenon.

The absorption curve of ferrite material vs. HdC will be

as shown in Fig. (1.8). One may notice that changing the direc-

i tion of Hdc or the microwave field has just the same effect.
!
! .
; Absorption
! A
.
| .
! I
? : |
: ]
o |
f i
T f
| : -,
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- H
| | fo 0
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L Fig. (1.8)
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The Permeability Tensor and Line Width

In the simplest microwave case, the total effective

magnetic field in the equation of motion ( %% = v M x H ) consists
of the d.c. magnetic field H, and the r.f. magnetic field h.
H = Hdc + h . (1.11)

The total magnetization consists of the d.c. magnetization ﬁd c

and the r.f. magnetization m

M= Md.c. +m . (1.12)

In component form, the above equations are:

B T -] 7 o
0 h 0 m
X X
q = R = M = () m =
Hdc 0 , h hy , Mdc s m my
Hdc hz Mdc mz
- J - - L - L -

The equation of motion now gives

dm
X
T Y (Hdc + hz) -h, Y (Mdc + mz)
o
dt - _mx ¥ (Hdc + hz) + hx Y (Mdc + mz)

- h
mx Y hy my Y x

S Y T AT IR, SIS 7T N« O gt



In the small signal approximation higher order terms of
m and h are set equal to zero. The small signal approximation is,

therefore:

dt y dc y dc

-1 = -m_yH (1.14)

c + hx Y Mdc

Rewriting and differentiating the last equations, we

have:
2 .
M +w m =w w h ~-w h
x o X m my
. 2 .
m +w m =w h +w w h (1.15)
y o] y m X m o y
m, =0 ,
where w_ = yM, |, w = vyH , and ¢ indicates time derivative.
m dc o de

If the time dependence of the r.f. quantities is of the
form exp(jwt), a susceptibility tensor [x] can be defined which

relates the r.f. magnetization to the r.f. magnetic field.

m=[x]h
XXX )S(y Y
Where [x] = x,  x,, 0 (1.16)
0 0 0
~ s .

et

il
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and y =y = mlo (1.17)
XX ny N 2 w2
o
Ayx Xxy © 2 w2 '
o

The components of the susceptibility tensor have a

singularity at w = w . This is defined as the resonance condition.
A tensor permeability can also be defined by relating

the r.f. flux density b to the r.f. magnetic field h,

b = uoh+ﬁ (1.19)

or
b= u [ur] h

where [ur] = [1]1 + [x].

In component form, the tensor permeability is given by

u jk 0
(1 = |k w 0 (1.20)
0 0 1

where u =1+ Xxx

jk = Xy

This is the well known Polder{21]

tensor permeability. A
The permeability tensor is usually employed in conjunction with

Maxwell's equations to solve microwave ferrite boundary problems.

s . . TR . e TV g
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Damping may be introduced into the equations of p and k by adding
an imaginary frequency term jow to W, in these equations. We shall
next discuss where the jow term comes from and what is the value of
a.

To stabilize the motion of the magnetization vector at
resonance, a damping term must be introduced into the equation of
motion. One form of phenomenological damping term is due to Landau -~

Lifshitz[l7] given by:

- 'y 11 Ya ™M 0
dt—Y(MxH) *W[MX M x H)] (1.21)

where a is a dimensionless parameter that determines the damping.

Solving for y(M x H) in the above equation gives

- - dM , - =
y(M x H) =—d—t+-[§‘TlMx % x H)] (1.22)

and introducing this into the last part of the previous equation

gives:

_ _ 2
dM _ = - a - _d_M _ Yo - - - -
T yM x 1) - TﬁT (M x dt) T;TE Mx [Mx (M xHI]. (1.23)

For most ferrites the last term is negligible since o is small.

Therefore, the equation could be written as,
= = o = dM
qc y(M x H) - 1;ﬂ-(M x EZQ. (1.24)

This damping term is shown in Fig. (1.9). The components of the

tensor susceptibility obtained from the small signal solution to

(. ALy Py Tt o7 i e KO
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the above equation containing the damping terms are:

w (oo + jwo)

X = ny = (1.25)

f (wo + jma)2 - wz

j w w
] m

)S'x = —xxy = (1.26)

. 2 2
(wo + juwa) " - w

Hence, the only difference between these equations and the equations
when we did not consider damping is that an imaginary frequency term
jwa has been added to the resonant frequency w . Hence, :he damping
term can always be introduced by replacing woby mo+j@u in the loss free
components. The real and imaginary parts of the susceptibility

tensor are plotted in Fig. (1.10) as a function of mm/w, wo/w and a.




Suscephbility

Spinning
electron

(0]
_4,__
- =010
-8
[ I :
S GRS S 1 1 1 1 1 ]
Real part of g, Fiii. 1.5, Real part of g,

}
l
|
[
1 1-5
Y Yo
w w
hnagsnary part of 2, Imaginary part of 4,

Fig. (1.10)

24




The damping factor a can be related to the linewidth of

ferrites in the following way. The linewidth is usually defined

as the difference between the magnetic field values at a constant

frequency wherc X;x’ the imaginary parts of the diagonal component

of the susceptibility tensor, attains the value of half its value

at resonance as shown in Fig. (1.11).

HOI HO 2

Fig. (1.11) Linewidth of Ferrites

Equating the imaginary part of Xex to half the maximum

X;x’ we get
w wx (w 2 - mz) (w)
m 01 = 1/2 m
( 2 )2)2 +4 2 m2a2 2wa
“or T ° “o1
Rearranging gives a quadratic in w012
4 2 2 4 2
Wyp - 2w ¥y1 +w (1 - 4a”) = 0,

value of

(1.27)

(1.28)
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whose solution is
1/2
w01’2 = w(l % 2a) / = @ * owa. (1.29)
Hence,
W.o - W
wa = 22 0L (1.30)
2
The linewidth is usually defined by
W, - W
af - 22 01 (1.31)
Y
aw = =, (1.32)
2
For engineering purposes the imaginary frequency jow is usually
written in terms of AH from the last equation.
1.5 The Permeability Tensor Below Saturation
Below saturation there exists no additional formulation
of the tensor, since not all the electron spins are aligned to the
applied magnetic field, and we do not have any measure of alignment
to formulate a theory which would give us a good result.
The only remaining solution is to measure the tensor and
then fit empirical equations to the experimental results. One such
work has been done by J. J. Green and F. Sandy[lol. In their 1974
paper they discuss the experimental results of a number of different 5
types of ferrites and then fit the appropriate general empirical :
formulas which are given by |
TSR e :
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u -jk 0
o= jk y 0 (1.33)
0 0 uz
where k= -w/w
o
My = 2/3 [1 - ((.um/uu)Z]l/2 +1/3

b= g+ (- ) Cyfe )

(1 - w./w )5/2
W, = My 0" 'm

1.6 Measurement of the Permeability Tensor

The permeability tensor obtained by measurement is perhaps
the best way to characterize a ferrite material. Actually when
ferrites are produced the only way to obtain important parameters
such as saturation magnetization and linewidth is by making mea-
surements.

There exist various types of measurement techniques, the
main two being the cavity perturbation and the ferrite filled wave-
guide method. The former method is usually preferred since it
gives better results and the sample size required is very small.
The cavity perturbation technique could be classified into two
methods, namely the non-degenerate cavity method and the degenerate

[5]

cavity method due to J. O. Artman . Using non-degenerate cavities

provides information only about the diagonal element of the tensor.

pEre— o empps——— s+ - s e ot e s e ¢ e e o =
QU WA
- - - i e Neing e
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However, at times this is sufficient, especially close to resonance

and for small damping where the diagonal and off-diagonal elements

are closely related by equation

k=1-wu (1.34)

Degenerate cavity methods give information about the
diagonal and off-diagonal element of the tensor but the overall
inaccuracies involved in having a good degenerate cavity make it
difficult to obtain reasonable results with this method.

The perburbation theory for various types of cavities
and s--ple shapes have been derived; a good account of this is given
by Lax and Button[16]. A general idea of the derivation of per-
turbation relations is given next.

In the cavity methods the way to determine the suscepti-
bility tensor is to measure the shift in resonant frequency and
the change in Q of the cavity loaded by a small sample of ferrite
material.

In the case of the unperturbated cavity resonating at a

frequency w, Maxwell's equations are

0
vV x EO = -jwo Mo h0 (1.35)
Vx h, = jwo 80 EO (1.36)
I1f the cavity is now perturbed by a sample having a

volume Av, the cavity will resonate at a new rescnant frequency w.

et L

. - R S SRR Y
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Maxwell's equations applicable to the perturbed cavity are

>

x

=3
L}

—jwuoﬁ (1 + [xD (1.37)
Axhe= jweOI_E 1+ [XQ])- (1.38)

[x] and [Xg] are in general tensors, although in a ferrite [xg] is
a scalar Xg

In the above equations the electric and magnetic suscepti-
bility terms are zero everywhere outside the region Av occupied by
the ferrite material. After some algebraic manipulations, and

taking into account the boundary conditions at the surface of the

cavity, we obtain

! wowy -jlv [eo([le.ﬁ).fi; + uo([x].ﬂ).f_\;]dv
! —3 = ra— 2 (1.39)
0 ~/: [(eoho .E) + (uoh0 .h) dv

This equation is exact and could be evaluated if the field compo-

nents of the perturbed cavity were known. However, according to

first order perturbation theory, we can set E = EO' and h = EO

throughout the cavity.

If the sample is located at a point in the cavity where

EO = 0, then we have

% -
© = wy ’j_/A.\) ([Xz]'ho) .ho]d\) (1.40)
W, - -
0 .
2‘/; (h, hg) dv

. e e AT iasar e 7 R -
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1n the above equation we have used the fact that the
stored electric and magnetic energies averaged out over time are
nearly equal. We have also made use of the fact that
[x] h = Ix,] hy
This equation, therefore, gives the external susceptibility tensor
of the material. Since the susceptibility is complex in general,
the frequency w is complex also. Tor small change this can be
written as
w
W= wy t Wy + jbo 7Q ) (1.41)
u
where Qu is the unloaded Q of the cavity. Hence,
L
S (" - By
Aw (Ix,1 h.) « h,  dv
i (1.42) .
0 2 (hO . ho) dv
f (Tx, 1"+ Fig av
X : g
B3 ) = TR0 (1.43)
u 2 (ho . ho) dv

The real and imaginary parts of the susceptibility tensor are,
therefore, obhtained by measuring the shift in resonant frequency
and the change in unloaded Q of the cavity. A detailed description

24
of how to perform such measurements is given by Sucher and Fox[ ].
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1.7 Commercially Availahle Ferrites
Properties of typical commercially available fertite
. - [28,26) i
materials are shown in Figs. (1.12) and (1.13) . The satura- :
tion magnetization varies from 250G for substituted YIC to 50006
for NiZn ferrites; Mg Mn Al ferrites have a saturation which ranges
from 600 to 3000G. Actually these are the general purpose ferrites L
}
mainly used at X-band. y
L
Materials with narrow linewidth will be mainly substituted ;
E
. 'Y ' . N
YIG or Mg Mn Al ferrites. Addition of Ni or Co usually tends to -
4
k
incrcase the linewidth. The dielectric loss tangent tends to be 3
lower for garnets and MG ferrites than for Mn and Ni ferrites so -
if a high saturation is not required, it appears to be advantateous
to choose garnets or Mg Al ferrites for low magnetic and dielectric
loss over a wide range saturation magnetization.
PROPERTIES OF SOME TYPICAL COMMERCIALLY AVAILABLE MICROWAVE FERRITES®
Saturation
nagneti-
2inon Cune Resonaace Coercive Dnelectric Dielectric
4w, temperature  hine width Land¢ force constant loss factor Density
Composttion Transs) T. LK) SH (Ue) g-factor H, (Oc} ¢ 3, giem?)
Gurnets
Y 1340 1800 550-57% 35-60 2.00-2.0} 0.7 150-16.3 < 0.00025-0.0005  5.05-5.1
YAl 228 1540 A.550 15-7% 1.99-2.03 04-12 134-185 < 00002500005  5.00-5.03
YGd 728 tatn $25. 585 $5-220  2.00-2.08 075131 150160 < 000025-0.0005 § 26-S.8S
YGdAl 3o 1200 478 828 §5-310 205-210 - 148150 < 0.00025-0.0005 $.1-5.73
Nickel ferrites
Nt 1500 000 R50-865 130-800 23042 — 9.4-12 0.0005-0.0017 s.1
NiZn ] 650 13 2.08 09 125 0.001 —
NiCo 000 R60 B6S 200-3350 22-22 12 ”n 0.0003-0.0025 —
NiCuAl 800- 2340 642-R26 200-1000 233-294 6% 36 9-125 <.0.0005-0 0021 5.05
NihiAl 200 828 500 245 — 1.0 0.002 4.80
NiA| 350 2000 430 ’YS 135450 1427 47 8.2-128 0.0003-0 001 4748
Magnesium ferrites
MgMn 1650 2220 $15-595 130-650 2021 1.4-2.8 12-13 ~ 0.00023-0 0008 4243
MgMnAl 6RO 1760 175-965 120-490 200-21) 04-21 11.5-12 < 000025 -0,0005 39-43
Fig. (1.12)
. - EREARETT e . o O~ e - e cor T ""“"""‘“""‘]
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CHAPTER 2

CONVENTIONAL NON-RECIPROCAL EFFECTS

Before describing the original work done in this research
project, it is worth mentioning what has already been developed in
the field of non-reciprocal devices. A brief description of most
of the non-reciprocal effects discovered up to now is given in
this cahpter. Finally, a brief discussion on the merit and improve-

ment methods of each type of device will be given.
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Resonance Effect

L Consider a piece of ferrite in which a circularly polar-

ized wave is propagating in a given direction. let us suppose that

the plane containing the magnetic field vector of the wave is per-

pendicular to a d.c. magnetic field applied to the ferrite. These

are the conditions under which resonance is possible and, if the

circular polarization is rotating in the positive direction, we

obtain the maximum value of ()'+) at a certain value of the d.c. 1

applied field. For a wave propagating in the reverse direction, it

proay

is (y"-) which is involved and we know that, under these conditions,

quite a large attenuation is possible in the ferrite,
It is easy to visualize an application of this phenomenon |
with the arrangement shown in ¥ig. (2.1). In a circular guide, a

wave is propagating with circular polarization in the TEl1 mode.

coil .

circular guide

WA
? ST,

- -—
Forward direction Reverse direction ‘f

Fig. (2.1) Circular guide filled with ferrite
and magnetized along the axis {

ST e e




A coil placed around the guide develops a d.c. field in
the axis of the guide, along which Iies a strip of ferrite. If the
sensce of rotupion of the polarization is such that the toerrite
exhibits its u"- permeability in the forward direction, the attenu-
ation in this direction is low. On the other hand, when propaga-
tion takes place in the reverse direction, it is p"+ which appears
and a high attenuation occurs when H is adjusted for resonance.

The ferrite isolation has not, however, been developed
in this form and in practice it is the arrangement of Fig. (2.2)

which is used.

I O

Fig. (2.2) The actual construction of the
resonance isolation in rectangular
waveguide

35
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!
In a rectangular guide, when propagation is in the TEOl mode, the
components of the magnetic field iIn the directions Ox and Oy are as .
follows:
b = -jB sin X 738y (2.1)
X L ‘
h = - = cos = e I8y (2.2)
' y L L o
where B~ 2z .
Ag
The amplitudes of these components depend only on x, while
the exponential term is representing the phase of the propagating
field component. Since circular polarization is defined by two :
components in quadrature in space and 90° apart in phase, for all :
i
-
! points where: ;
' h = jh (2.3) -
‘ X y :
‘ ‘i
{ the polarization of the magnetic field is circular.
’ This relationship is verified for a plane parallel to
[l .
: the narrow side of the waveguide at a distance X, from the origin ]
{
such that: ;
’ i
“ (6 sin O oy T oog TXO |
: -j6 sin = 3 7 cos (2.4) \
é
i ; X0 _ Ag
i i.e. tan - T (2.5)
, But in a rectangular guide: N
’ i
L e do (2.6) R

) JI1 - (/213
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So the formula shows that xo depends on frequency. Using this
formulation, we could locate the position where we have circular
polarization in a rectangular waveguide. A pilece of ferrite will be
placed at this position in the waveguilde such that the effect same
as in the circular waveguide will occur. For an applied static
magnetic field, the ferrite material will go into resonance and
absorb the microwave energy for one direction of propagation while
nothing will happen in the opposite direction. The main problem of
such a device is that the position where we have circular polariza-
tion varies with frequency. Various techniques are used to counter-
act this shift with frequency. The most popular methods used are

placing a piece of dielectric next to the ferrite or by tapering the

ferrite cross section.
2.2 The Faraday Effect

Consider again the arrangement in Fig. (2.1), but suppose
now that a TE11 wave with rectilinear polarization is propagating
along the guide from left to right.

We know that a linearly polarized wave can be resolved
into two circularly polarized waves of the same amplitude and oppo-
gsite sense of rotation. 1In the ferrite acted on by the field Hdc’
one of the two waves will, therefore, be affected by the permeabil-

ities 1+ and the other by the permeabilities p-. The resolution

of the linear polarization into two circular polarizations is

- 4 A ———T——p—— =
. el e teead -
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represented in Fig. (2.3(a)). It can be seen that the vector R is

the sum of the two vectors Pl and P2 rotating in opposite directions.

(a) (b)

Fig. (2.3) The vector representation of the Faraday
effect, considering the wave propagating
down the guide as two circularly polarized
waves in opposite directions

P1 and P2 being synchronous, R remains always vertical.

If, in the course of propagation, one of the two components slowly

changes phase with respect to the other, R will rotate as shown in

\

instead of being at Pl

Fig. (2.3(b)). The component P , symmetri-

l’

cal about the vertical with P lags by an angle ¢ so that the posi-

2,

tion of R is now as indicated on the diagram and makes an angle ©

with the vertical.

Now this is exactly what happens in the guide. Since p'+

and u'- are different, the propagation constants,
P

+ 2n - 27
R B = = and B = — 2.7

v Ag ‘8 )

’ are different.
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The relative lag of one component behind the other is:
+
¢=1[B -8l ¢ (2.8)
so that, the rotation of the direction of R is:

+ -
g = lfi.i%_g_l ) (2.9)

This rotation of the plane of polarization of the wave,
which is also found in optics is the Faraday effect. Faraday rota-
tion depends on the relative values of u'+ and p' and, to make use
of it, it is necessary to work in a region where they differ appre-
ciably. However, u”+ and " must be small so that the system will
not introduce any appreciable attenuation in the propagation.

The essential feature of the Faraday effect is its non-
reprocity. Let us assume that, in the case of Fig. (2.1), for prop-
agation from left to right, the Faraday rotation takes place from

left to right as seen by an observer looking in the direction of

propagation of the wave. In the reverse direction of propagation,

the position would be the same if Hdc were also reversed; but H

dc

has maintained its direction so that the u are permuted and Faraday
rotation takes place from right to left as seen by an observer
looking in the direction of the inverse wave and, therefore, from
left to right as seen by the first observer. The two rotations
corresponding to the forward and reverse directions are equal and

add; it suffices, therefore, to make 8 = 45° to produce an isolator.




The structure used is that of Fig. (2.4) which shows also
the position of the electric field vectors. A rectangular guide
excites a circular guide containing the ferrite. The axial magne-
tic field is created by a coil around the circular guide. The lat-
ter in turn excites a rectangular guide set at 45° to the input
guide. It can be seen that for a Faraday rotation of 45° there is
transmission from left to right. 1In the right-to-left direction,
the rotation brings the electric field into quadrature with the
field of the TEOl mode in the input guide. The field in quadrature
cannot be propagated in the guide. It is, therefore, reflected to
the right where after suffering a rotation of 45° it finds itself in
quadrature with the normal field of the output guide from which it
is again reflected to the left and again rotated, this time into
the right direction to enable it to re-enter the input guide. To
prevent this an absorbent load is placed near the input guide; this
load is a resistive slab perpendicular to the input field (and so,
having no effect on it) and, consequently, parallel to the field

coming from the right, thus insuring maximum absorption.

e\




41

! Taper 1urned
through 45 —

= Fernste insent

attenuator — - - Foam support

Circular waveguide

Rectangular to
cicular taper

(a)

Rectangular
waveguide

Forward wave out

Reverse wave

3 Owrection
of rotation

(b

Fig. (2.4) The Faraday rotation isolator.
i a. Cutaway view
b. Method of operation

It will be seen that the ferrite employed is a cylindrical

rod which occupies only a small part of the cross-section of the
circular guide. In fact, a small cross-section of ferrite is suf-
ficient to affect a large part of the transmitted energy because of
the high values of ¢ and u; it is found that there is an optimum

ratio of the diameters of the ferrite and the guide for a maximum

figure of merit.
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The Field Displacement Effect

The ficld displacement effect is due to the appcearance of
hipher modes in the ferrite as a result of the high value of the
product of its dielectric constant and its permeability. Since the
permeability tensor depends on the direction of propagation of the
wave, it is conceivable that one might get non-reciprocal effects.

The mechanism of field displacement can be represented by
Fig. (2.5) for a rectanpular guide loaded with a slab of ferrite

stuck to one of the narrow sides of the guide.

71
7/ : /\ -
g s
t E+E I L+l -
H H n
Q (8]
(b) ()
Fig. (2.5) Fields in a wave guide

partially filled with ferrite.

Aa. The field distribution of the
two modes

b. Resultant field in +ve direction

¢. Resultant field in -ve direction.

In this guide, partially filled with dielectric (ferrite), there is

a mode whose configuration is E: this TE . mode is independent of

‘01

the direction of propagation and is a function of the dimensions of

the ferrite and its dielectric constant only. However, the high .
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value of the permeability tensor causes higher modes to appear, the

; effect of which is indicated by En, the values of En depending on
the direction of propagation. If we denote by E: the distribution
obtained for one direction and by E; that obtained for the opposite
direction, the resultant field is E + E: in the one case and E + E;
in the other.

The resultant configurations are arranged as shown in

Fig. (2.5(b)) and (2.5(c)). In the former case nearly all the
energy is concentrated in the ferrite with a field maximum at the
i air-ferrite interface, whereas, in (c) nearly all the energy is in
the air. If an absorbent strip is stuck to the ferrite, there will
be a large attenuation in the direction of propagation corresponding
to (b) and a low attenuation in the reverse direction.
! : It is very diffijcult to calculate field displacement sys-
tems because of the complex permeability tensors. A relatively
simple case is that of a thin slab in the plane of circular polari-

zation of the guide: 1in this case the permeability would be u'+

in the propagation direction and u' in the reverse direction.

- + -
We can have either u'+ < u' or p' > y' depending on

the value of Ho' It is essential to operate in the former range so 1
as to have the maximum difference between the two directions of

propagation, which means using magnetic fields below the resonant

field. Under these conditions, however, the system is only of

interest at high frequencies where the low-field waves are negligi-

ble.




2.4 The Junction Circulator

A particularly compact device which has found a great
many applications over a wide frequency range is the symmetrical

Y-junction circulator as shown in Fig. (2.6).

—

la)

Fig. (2.6) (a) The circuit symbol for the Y-junction
circulator indicates transmission as
I+II+III+1, and so on,

(b) The waveguide version shows a vertically
magnetized ferrite rod as the nonrecipro-
cal element,

(¢) The stripline version shows the ferrite

disc which is magnetized perpendicular
to the broad face.

The feature that makes this device so attractive is its
simple, compact, light construction at all frequencies. Although
it has been designed to operate in bands from 100 MHz through the

UHF region and the microwave region to the mm-wave range, it

—~—>——
- g X

i




rarely weighs more than a pound, and the largest models are less

than 6 inches in diameter. In the stripline version Fig. (2.6(c)),

it is often manufactured by printed circuit techniques and is minia-
turized through the use of high dielectric constant materials, which

also permits it to carry higher r-f power before corona effects set

in. The device will tolerate high signal power considerably in
excess of 50 Kw (peak) and 500 watts (average) when operated as a
circulator, switch, or modulator.

Until very recently, the Y circulator and switches have
been developed empirically and explained on a phenomenological
basis in terms of the scattering matrix treatment.

The circulation mechanism can be explained briefly, as

follows: The wave incident at Port I of Fig. (2.7) is the fun-

damental mode with the r-f electric vector polarized parallel to
the direction of the applied magnetic field. Thus, the ferrite
disc supports two typical electromagnetic modes characteristic of
such a tensor magnetic medium. Two mutually orthogonal components
of the r-f magnetic field are excited in the plane perpendicular
to the d-c magnetic field vector, i.e., the plane parallel to the
broad face of the disc. One mode has a right-hand circularly
polarized r-f magnetic vector and has increasing field intensities
toward the right side of the input port. The other mode has the
opposite sense of rotation. The combination of these two modes
has a hyperholic transverse electric field dependence. The plane

wave incident at the input stripline port is distorted within the




ferrite so that field intensities increase toward the region between
input Port I and output Port II, as shown by the contours of con-

stant electric field intensity Fig. (2.7).

o
(Output)

(Isototed)
) A

Field-
displacement
peak

I
(Input)

Fig. (2.7) 1Idealized sketch of the contours of
constant r-f electric ficld intensity
within the ferrite disc of the stripline
Y-circulator illustrating the nonrecipro-
cal field displacement principle of circu-
lation.

This combination of the two sets of rotating modes com-

puted by BosmaflG]

produces a wave pattern which has its field-
displacement peak between the input and output ports and a null at
the isolated port. Both the electric and magnetic field configura-
tions established by the superposition of these two modes result

in a pattern for which Poynting vectors exist at input Port I and

output Port IT and are oppositely directed, whercas the vector

vanishes at Port 1I1.
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2.5 Comparison of Isolator Types

In this chapter four basic types of 1isolators have been
discussed with respect to method of operation, comstruction, and
design consideration. It is appropriate to compare the types to
bring out the advantages of each. Fig. (2.8) is convenient for
this purpose.

The field displacement isolator requires a medium biasing

field and, thus, a medium weight magnet. The Faraday rotation
isolator requires the lowest biasing field and seems capable of
providing isolation approaching those of the field displacement
isolator. 1Its bandwidth capabilities are somewhat greater than the

field displacement device but not as great as the resonance isola-

tor. The power handling capabilities of both the field displace-
ment and Faraday rotation isolators are limited by the loss films
employed which can dissipate a relatively small amount of power.

It should be pointed out that a circulator can be used
as an isolator by terminating the unused ports. This can be par-
ticularly advantagecous from a power handling standpoint, since
reflected power can be dissipated in a termination which is capable
of being cooled, rather than in the ferrimagnetic material. The
Y-junction circulator, when used as an isolator, rates an E on all

counts in Fig. (2.8).
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ANALYTICAL FORMULATION

This chapter deals mainly with explaining th. derivation
of the analytical cxpression of the proposed structure., The struc-
ture (Fig. 3-1) consists of a dielectric waveguide containing a
ferrite laycer in which periodic metal strips are provided. This
new structure is an improvement of the recently proposed device in
which a notched grating was used instead of the metal stripsll].
In the analysis it has been assumed that the structure is infinitely
periodic in the x-direction and that it is invariant in the y-direc-
tions. The metal strips are also assumed to be infinitely thin.

The operating principle of this device lies in the fact
that the propagation constants of the guided waves in the opposite
directions are different when a dc magnetic field is appliced. When
a periodic perturbation is provided along the waveguide, it is pos-
sible at a certain frequency interval that a guided wave propagating
in one direction becomes leaky and, hence, it attenuates as it
propagates; whereas, the one propagating in the opposite direction
is still guided without leakage. Hence, the structure works as an
isolator.

In the structure proposed previously, the periodic per-

turbation was produced by a grooved grating. 1t turns out that the

49

ey
-t




50

[2]

grooved grating provides only a small perturbation . In the new
structure the mctal strips would provide an appreciable amount of
perturbation, since the principal electric field is chosen to be
parallel to the strips. Hence, the attenuation constant due to
leakage in this new system would also be large and the entire device
length can be reduced for a given degree of isolation.

In the analysis it is assumed that the problem in invari-
ant in the y-direction., It is also assumed that the strips have
no thickness and only Ey’ Hx and Hz components are present. The
problem is first solved for the system without metal strips using
the transverse resonance technique. Then by applying Floquet's
theorem, the electric fields outside the strip and the currents
in the strips are represented in terms of space harmonics. The
transverse equivalent circuit of each space harmonic is then
derived with the effect of the metal strip. The next step is the
application of Galerkin's method to the entire spectrum. In this
method the current is expanded in terms of known basis functions.
The resulting equation could then be used to solve for the propa-

gation constant of the grating structure.
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3.1 The Transfer Matrices and the Equivalent Transverse

Resonance Circuit

1
The transverse resonance method[ 9] is a powerful way to
derive a transcendental equation in terms of the propagation con-

stant of the system in question. The sum of the impedances at one

point in the transverse direction is zero (resonance) only for the

correct values of propagation constant.

In the case of a multi-layered structure, formulation of
the impedance in the transverse direction can be facilitated by the

use of transfer matrices for each layer in question. 1In this way

one could easily obtain the impedance at any plane in the system

with respect to the impedance at a given reference plane. )

The derjvation of the transfer matrix for a ferrite layer

is as follews. Consider the structure in Fig. 3.2.

Tzl Wave progagation.
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From Maxwell's equations
9xE = -j wp H (3.1)

For a TE wave in the x direction we are going to have Ey’ “x and HZ

components only,

Let
Ey (z) = [a e 1M 4 p ean] e](wt - Bx) (3.2)
then,
r— i i -
a a a
X y z
aF, )
A . S - ¥ 3 _y 3
VxE = Ix oy 3z T Tz %% x 3z
0 E 0
I y i (3.3)
also,
- -1 - -
1 0 jk Hx
-jwpl = -jun 0 1 0 0 (3.4)
-jk 0 U H
| 1 L=
= —jmuo [(uHx + JKHZ) a + (-jKHX + qu) az] (3.5)

Equatin for Sx and 52 in Maxwell's equations and solving for Hx(z)

we get

Hx(z) = :HFTT_ [a(aB + jn) e.jnz + b(aB - jn) ejnx] (3.6)
e

where u = (u2 - Kz)/u y, o=K/u , u=14+[ww /(w 2 _ wz)]
e on (o]




_ 2 2 _ _ _ 2
K = wwn/(wo - w) |, w, = 27 B w = Y4t and n = T 1

Here, y is the gyromagnetic ratio and 47M is the saturation magneti-
zation. Also, the time and propagation facter exp {j(wt - Bx)} is
to be understood and suppressed.

We will now identify Ey and Hx as V and -1, respectively.
Then the values of V(o) and I(o) at Z = 0 are related to those at

V(z) and I(z) at z = z by

o . WHPe
V(o) cos nz - TT'Sln nz j ——— sin nz v(z)
2 2
I(o) i ﬁf%gTWftﬁﬂ“ sin nz cos nz + %? sin nz I1(z)
O e

(3.7)

This experssion relates the impedance at one point in the transverse
direction to a reference value of the impedance.
In the case of a di~lectric material, the transfer matrix

can be written as

Wi
V(o) cos nz j —;2 sin nz V(z)

= (3.8)

I (o) 3 5%— sin nz cos nz 1(z)
o

This can be derived by letting ¢ = 0 and U,=1 in (3.7)
The transverse resonance equivalent network for the structure in

Fig. 3.1 is given by removing the current source in Fig. 3.3. The
current source appears when the equivalent transverse network con-
cept 1s Introduced in the analysis of the grating structure with

metal strips. Such a process will be explained in the next section.
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The eigenvalue equation YU + Y = 0 provides the propagation con-

L

stant 8. Note that we obtain two different values of B corresponding

to waves propagating in the opposite directions.

Y (Bn) Air— Region
Z = ff
[Ff (,Bn)] Ferrite— Slab
;.0 /En\ T Yy (Bn) € - Jn
) S l YL (Bn) Yu (Bn) + YL (Bn)
[Fd (,Bn)] Dielectric - Slab
Z=-1,

Y (Bn) Air - Region

Fig. (3.3) Transverse equivalent network

for the space harmonics.
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3.2 Floquet's Theorem and the Space Harmonics

The basis for a study of periodic transmission systems is
a theorem due to a French mathematician, Floquet. This theorem may
be stated as follows: For a given mode of propagation at a given
steady-state frequency, the fields at one cross section differ from
those a period away only by a complex constant. The theorem is
true whether or not the structure contains loss as long as it is
periodic. The proof of the theorem lies in the fact that when the
f structure having infinite length is displaced along its axis by one
period, it cannot be distinguished from its original structure.

Hence, we write the electric or magnetic field as

E = E(x, vy, 2z) e-Y(x) ejwt (3.9)

where E(x, y, z) is periodic in x with period d.

The field FE(x, y, z) e '~ can be expanded in a Fourier

series of the form

B(x, y, 2) e Y% = 2 E (v, 2) 1 (2m/dx myx 5 1)

all n ]
J(2m/d)x + vx ?

To find En(y,z), multiply the above by e

j |
E(x, y, 2) J(Zm/dx Z E (v, 2) ol (2m/d)x - j(2m/d)x
all n G.11)

e ——.

e o aoad e




Integrate both sides from X to Xy + d

x1+d x1+d

E(x,v,z) eJ(?Tm/d)x dx =

X all n X

j(27/d) (m-n)x

En(y,z) e dx

(3.12)

En(y,z)d , m=n

Therefore,

ol

x1+d .
B (y,2) = [ [ECx,y,2) o V7] el VH CZm/DDx g g 4
This expression is used later to calculate the amplitude of indivi-
dual terms in the series.
The n-th term on the right of the series representation
is called the n-th space harmonic. It has a propagation constant
Yy +] Zgﬂ. If there are no losses in the system, it turns out that

Yy is either purely real or purely imaginary. If imaginary, we

write y = jBo and define

2nn
d

Bn = 80 + (3.14)

where Bn is called the phase constant for the n-th space harmonic.
A velocity v,o= w/Bn is the phase velocity of the n-th space har-

monic.
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Applying Floquet's theorem to the structure containing
periodic metal strips, we can write expressions for the electric

field and the current on the strips as

o0 jan
Ey = ngw E (z) e (3.15)
J = i J ejB“X B =g+ 28T (3.16)
Y pcee O i n 8 d :

Since Ey and Jy are expressed in the same manner, we only
need to relate En and Jn. Since En and Jn are no longer functions
of x, we can use the spectral domain immittance method. For each
space harmonic, each layer is replaced with a transfer matrix.

From the transverse equivalent circuit (Fig. 3.3) the space har-
monics of the Ey at z = 0 and of J are related by

1
E = J =
oo Y, (B) +Y (8B) "n

Z J (3.17)
n n

The quantities YU and YL are input admittances looking upward and
downward at z = 0. They could easily be found by the use of the
transfer matrix methods discussed in the previous section. 1In

fact, it is only necessary to substitute Bn for B in the expres-

sions derived in that section.




3.3 Variational Formulation and Galerkin's Approximation

The next step is to obtain the dispersion characteristics
of the structure by using the relation of En and Jn‘ To this end,
we apply a variational formulation of the structure. The varia-
tional formulation of the structure could be written as

d/2
E(x) J(x) dx (3.18)

-
i
o |~

-d/2

Thiis integral could be written as

2

1 = EJ = A .

2B =4 I g, (3.19)
n n

Since the clectric field on the metal strips and the current in

the spacing between metal strips is zero, a stationary solution

2
must make T vanish. Hence, E: Jn Zn = 0.
n

We now expand Jn in terms of known basis functions.

N
3= Y a3 P (3.20)
n o3 n

N being the number of basis functions and aj the unknown coeffi-

cient of each function. Substituting into the variational equation

we get

N
J; Kija3=0 , i=1,2,...N (3.21)
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This process is identified as Galerkin's procedure. The above

equation has a unique solution onl
det [K._.]
1]

From this equation, the dispersion

and we can compnte B for a given f

y if
=0 (3.22) !

characteristics can be obtained,

requency.




CHAPTER 4
] THE COMPUTER PROGRAM

A computer program has been written to analyze the
ferrite-diclectric structure containing metal strips (Fig. 3.1).
The program is based on the theory discussed in Chapter 3. The
best way to explain how the theory has been implemented numeri-
cally by the program is to look at the flow chart of the program
(Fig. 4.1) relating how the subroutines are linked. A print-out

of the program is given in the Appendix.
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!
: T PROGRAM PERLOAD
Main program.

Reading and printing DATA , structure
of data, calculation 1 parameters and
of ferrite parameters material properties

Call SPACE to calculatgq
the space harminics Sub. SPACE.
and stores them.

Call UNIFORM to Sub. UNIFORM
calculate 8 with no calls EQUIV to use
metal strips, to be | o] tTansverse resonance
used later as a to search for the
first approximation. real part of 8 .
Sub. PERIOD Call PERIOD to find
root search routine | |l the solution of B . .
! to find B that
X makes det K, . =0.
; 1]
, Call GRAPH to plot Sub. GRAPH -
r i i the results. B~ Zeta plot
3 Sub.DETER routine.
calculates det K, .
ij
Sub. IMPED

evaluates the input
impedance of the
space harmonics.

|

Sub. EQUIV

calculates the
equivalent transverse
resonance impedance.

Fig. (4.1).




4.1 Program PERLOAD

This is the main program which controls all of the sub-
routines. First the data defining the structure dimensions and
material properries are read and then printed. The space har-
monics are then calculated and stored in an array by the subroutine
SPACE.

Polders permeability tensor is then calculated, Greenl10)
and Sandy's formulas are used for the ferrite below saturation.

The program then calculates the propagation constant of
the structure without periodic metal strips using Subroutine
UNIFORM. This result is then used as a first approximation of B
for the structure with the metal strips where the actual theory
discussed in Chapter 3 is implemented.

Subroutine PERIOD is then called. This subroutine in
turn calls the rest of the subroutines to implement the root search
of the actual structure. This will be discussed in more detail in
the next section. This subroutine will give the result of B for
the respective frequencies desired. The program then calls sub-
routine GRAPH; this is a ZETA plot routine to plot the K-8 diagram

desired.
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Subroutine SPACE

The function of this routine is to calculate the space

harmenics of the basis functions used. 1In this particular program

it has been detcermined that four basis functions would give enough

accuracy. The basis used are truncated sines and cosines, best

represented in Fig. 4.2,

Fig. (4.2).

Basis representing the field distribution
between twn periodic metal strips.

The normalized equations of the basis used to represent the elec-

tric field between two periodic metal strips are given by

Jg %
nd X
—‘(_‘2 J _‘j_ - e coSs z-d—-:ga')— (4 . 1)
- . - met e b b ad




Jad J.F’ox

_ , —L
d-a S )
o A
—ind - ¥ cos o Ty (4.1)
2(d - a) e a
: /,
27d eJBo sin (J+nx )
j(d - a) a

As explained in Chapter 3 to calculate the space harmonics by

Floquet's theorem, the following integral has to be performed.

Cu| =
[y ]
os]
>
0
—
wn
—
]

o]

o
o
kg

(4.2)

The integrals for the four basis functions have been analytically
calculated to give the following equations for the space harmonics

which are programmed into subroutine SPACE.

_ cos X
C ™= Ty
_ sin X
C,(N) = T
X (4.3)
C3(N) _ Ccos X
L - 3 Y

_ sin X
CA(N) =Ty

where X = Nn (1 - g)

a2 2
Y—(l—E)N
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4.3 Subroutine UNIFORM

This routine searches for a solution of B when the
structure consists of just a dielectric-ferrite guide. Subroutine
UNIFORM is called to give the impedance looking up and down trans-
versely at the ferrite dielectric boundary. According to trans-
verse resonance the solution of B occurs when the sum of the imped-
ance looking up and looking down is zero.

This routine searches only for the real part of . The

way this is done is by fixing a lower and upper bound where B8 may
exist and then scan this .egion by dividing it into 100 segments.
The lower bound has been chosen to be the B of air only and the
upper bound the B for ferrite only, since ferrite usually has the
largest value of B. The only problem that may occur in this rou-
tine is when the effective permeability of the ferrite becomes
negative. In this case either the value of B could be smaller than
that of air or no solution would be found as has been frequently .

experienced.
4.4 Subroutine PERIOD

This routine is mainly a root search routine. The func-
tion is mainly to find B which makes the determinant zero. The
determinant is calculated by subroutine DETER, so this routine
gives the value of 8, plugs it in DETER and then tries to find the

value of B for zero determinant. -

o e -.‘,_,‘" , -

s . taend
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Muller's method is used to search for B. Muller's method

is an improvement on Newton's method. For more detail one should

refer to Peter Henrici, "Elements of Numerical Analysis,'" John
Wiley & Sons, 1964, page 198.

This routine could be replaced hy an IMSL routin such as
ZANALY. ZANALY has been used and tested; it actually gives the
same results as subroutine PER1OD. The only difference is that

using IMSL is more expensive and one has less control of what goes

on.
4.5 Subroutine DETER

The function of this routine is to calculate the deter-
minant for a given input value of B. First, the matrix Kij is
formed by putting together the space harmonics of the basis func-
tions. It has been found experimentally that taking +40 space har-
monics would give an accurate answer. In order to calculate the
symmetric matrix Kij’ the routine calls subroutine IMPED which in

turn calls subroutine EQUIV to get the necessary information on the

impedance looking in the upper and lower regions, to be able to

implement the formula

k.= = 3y [YU(Bn) + YL(Bn)] (4.4)

n=-—o©

The determinant is then calculated using standard equations.

67




CHAPTER 5
THE EXPERIMENTAL INVESTIGATION

This chapter deals mainly with the experiments that have
been carried out. Both theoretical and experimental results are
included. The main purpose of this investigation is to try to see
if the numerical results are reasonable. Another purpose is to
investigate experimentally if this structure could be used as an
isolator.

Extensive experiments have been performed to investigate
the validity of the theory. Since the theory is based on the
assumption that the structure is infinite in both X and Y direc-
tions, and practically no such device could be constructed, an
experimental investigation has been carried out to see the effect

of finiteness of the structure,
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5.1 Evaluation of the Structure for Experimental Purposes

The structure analyzed in theory could he simulated by two
kinds of guides, namely dielectric guides or image guides. Both
systems have their advantages and disadvantages, but the fact that
it is difficult to support dielectric guides makes the image guide
more feasible to build an integrated system. Although experiments
have been carried out using both systems, the image guide system has
been finally adopted for these experiments. A brief description of

the two systems used is given below.

(a) Dielectric Guide System

The structure used was made of Stycast Hi-K (er = 10) as
the dielectric and of Magnesium ferrite. The dielectric guide was
fed from two identical horns. The horns have waveguide-to-coaxial
adapters and the system was tested using a coaxial reflectometer.
A schematic diagram of the entire system is given in Fig. 5.1. The
setup was mechanically not very stable because the positioning of
the dielectric between the horns was very sensitive to small move-
ments. Another major problem with this system was that the reflec-
tion coefficient could not be well monitored since the coaxial-to-

waveguide adapter produced significant reflections.

(b) Image Guide System
Two systems using image guides have been considered. One

system used the coaxial reflectometer just like the dielectric guide
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system, and the other system was designed to work with a waveguide
reflectometer. The use of the waveguide reflectomet.r was intended
to eliminate the reflections caused by the waveguide to coaxial
transition. A diagram explaining the image guide system is shown
in Fig. 5.2. The waveguide reflectometer had a return loss of about
-40 dB while the coaxial reflectometer with horn to horn position
had a return loss of ~-15 dB.

A problem with the image guide system as compared to the
dielectric guide system is whether or not the metal strips should
contact the ground plane. This problem will be investigated in

detail in a later section.
5.2 The Test Setup

The final choice of the setup was the image guide system
using the waveguide reflectometer. Due to the X-band waveguides
used, the frequency swept was from 7 GHz to 16 GHz. The measure-
ments taken were mainly insertion loss and return loss using the
H.P. scalar network analyzer. The magnet used was a water cooled
Harvy Wells magnet which could go up to 8 KG with the supply avail-~
able. A Gauss meter by F. W. Bell was used to monitor the magnetic

field. A diagram of the whole setup is given in Fig. 5.3.




72

*9AN3ONI3S TEOTISI08YI Y3l 2IBTNUFS 03 pasn waisLs apynd adewy (z°¢g) °31d

i e Tl S —— e . e e e . e — o ——
R it T IS ~————— - — e m M e e r . .= - -
e e e m e n - - - - A - X i i |

;

/ sd1a3s sueld \
9TI393131q 23713394 §8:250" punois SuIoy

1%
o
]
®
R ST -

‘ '

e - e e e e ——— = ————— ——— .y " o s -- ——— -




water
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N
magnet
Det R % DetA Det 3‘1A 9108
Teemin-
| stion

281A Adspter (BT — 5 r—l‘m\\\\ H B e 1 - o |
752C Directional Couph l
Hall probe — m““”“
\\\\\ Image—guide launchers
covered with absorber
Gauss
meter
- dc power
supply

Fig. (5.3) The test setup used to measure the

non-reciprocal effects of the proposed

structure.
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5.3 Preliminary Investigation, Non-reciprocal Effects on

Applying an External Magnetic Field

This investigation has been made to answer some of the
questions that could be put forth on the structure used. The dielec-
; tric used was Stycast HiK (e = 10) and the ferrite was Magnesium
; type (TT-1-105). The ferrite and dielectric widths were 3 mm each
and the height of the image guide was 5 mm. The period and strip

width of the grating were 13 and 3 mm, respectively.

] (a) No Metal Strips
This experiment has been carried out to verify that the

waves behave in a reciprocal manner when the metal strips are not

inserted. Another purpose of this experiment is to show at what

frequency the ferrite resonates for a particular magnetization.
From the results of the experiments shown in Fig. 5.4, one could

easily see that in one direction the system goes in resonance at a

LI S

lower frequency than the other direction. This behavior can not

sk o leind il bikod oo i

be explained as yet, but from what has been observed the difference

in frequency is only 200 MHz at most. This system could be used ;A

for isolation purposes, but the bandwidth is very narrow.

i e ik ad . A

(b) Metal Strips Touching Ground Plane
This experiment has been performed as part of the investi-
gation to determine whether or not the metal strips should touch

the ground plane. From the experimental results of Fig. 5.5, one
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Fig. (5.4a) Guide with no metal strips.
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7 GHz 10 13 16 GHz
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M“ {1\ A4”
H M ”” H, = 3 KG.
de
J v
7 Gz 10 13 16 GHz
T " : T r y * b 4B

e,

‘ 10 dB
v U\fmffx lﬂ{t,ﬂ ! /ww
| H, = 4 KG.
\/
v )
|7 GHz ' . 1'() , . 137_ , , 16 'GHz
0 dB
— f — 10 dB
) ~ \V\ A\ "\ A

v B e

Fig. (5.4b) Guide with no metal strips.
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could see that for no magnetization almost all the energy is
scattered or attenuated. As the magnetic field is applied, large
non-reciprocity is evident at two frequency ranges, namely from 8
to 9 GHz and 11.5 to 12.5 GHz. One notes that this occurs at a
magnetization of only about .5 KG, indicating that the system is
way below saturation and, of course, resonance.

This structure has not been considered further since at
zero magnetization the theory does not predict that all the energy
should be scattered. Although the insertion loss in the forward
direction is about 10 dB, this structure may be useful if attenua-

tion is reduced by optimization.

() Use of Low Dielectric Constant Slabs to Suspend the Guide

Above the Ground Plane so that the Strips would not Touch

This experiment has also been part of the investigation
to find out whether the strips should touch the ground plane or
not. In the experimental results shown in Figs. 5.6 and 5.7, thin
dielectric films of ¢ = 2.3 and 0.7 mm thickness have been inserted
between the ferrite-dielectric rod and the ground plane. From the

result, it is evident that a stopband and a leaky wave region could

be seen at 8 and 9.5 GHz, respectively.
As compared to when the strips were touching the ground
plane, the non-reciprocity at 12 GHz is still evident at low mag-

netization in the present case. The other phenomenon is that in
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Fig. (5.6a) Guide suspended 0.7 mm above
ground plane by means of dielectric
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Fig. (5.6b) Guide suspended 0.7 mm above ground
plane by means of dielectric
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. ‘ Fig. (5.7b) Guide suspended 1.4 mm above ground
plane by means of dielectric




one direction the system goes in the leaky wave region at a different
frequency than the other direction. This difference is only 100 MHz
and could not be of much use. One also notices that in the negative
permeability region non-reciprocity occurs. The bandwidth of the
non-reciprocal effect is about 1.5 GHz. This effect is very visible
especially near 3 KG.

To find out the effect of the thickness of the low dielec-
tric constant layer, experiments have been performed for two differ-
ent values of thickness. Fig. 5.6 is for one slab of .7 mm thickness
while the data of Fig. 5.7 is for two slabs of .7 mm thickness each.
A comparison of the results of Fig. 5.6 to those of 5.7, shows that
the overall attenuation decreases with increase of the thickness of
the low dielectric comstant layer. On the other hand, the non-

reciprocity and the stopband are larger for a thinner layer of low

diclectric constant material.

(d) Use of Metal Strips which do not Touch Ground Plane:
Strips are truncated at 1 mm Above Ground Plane
Another way of preventing the metal strips from touching
the ground plane is to truncate the metal strips on the ground plane
side. The results obtained with this structure are similar to the
ones when the low dielectric slab was used. The only difference is

that the overall attenuation is 2 dB less. This is mainly due to

the use of shorter metal strips. The results of this investigation
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are shown in Fig. 5.8. The stopband in this system is hardly visible

at 8 GHz since the metal perturbation is small.

(e) The Effect of the Period and Strip Width

The change in period of the metal strips should only change

the position of the stopband, although it may have an effect on the
bandwidth of the non-reciprocal part of the result. Experimentally
not much has been made in this respect. The only experiment per-
formed is with the period and strip width 11 mm and 1.5 mm, respec-
tively instead of 13 mm and 3 mm as in the previous case. The
results of this experiment are shown in Fig. 5.9.

From the results, one could see that the overall attenua-
tion is reduced compared to Fig. 5.8, while the non~-reciprocal
effects are still preserved. This observation makes sense since the

narrower the metal strips, the less scatter and perturbation occurs.
5.4 Effect of having a Finite Grating Structure

z In this sect’on, we study the effect of finite length of
l the grating section. The analysis of a periodic structure applies
E to an infinitely long structure in the strict sense. It is expected
; that the characteristics of a grating of finite length will differ
i ’ somewhat from those of an infinitely long one. We will study such
difference.
The structure used for this investigation was made of

’ Alumina (¢ & 10), and no ferrite has been used. The structure was
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made with alumina on both sides of the metal strips. Two alumina
slabs were glued together with the metal strips in the middle. The
period and strip width was 10 mm and ? mm, respectively. The thick-
ness of the alumina slabs was 1.5 mm and thg height 4 mm.

The experiment consisted of starting with 17 metal strips
and then taking off four strips at a time to measure the system with
13, 9, 5, 3, 1 and finally no metal strips at all. In this experi-
ment, the metal strips were isolated from the ground plane. Each
of the seven structures described above were tested with five dif-
ferent types of isolation from the ground plane. In one of these
five methods, the structure was isolated from the ground plane with
a layer of 3M scotch tape. 1In the remaining four cases, four slabs
of dielectric material (e = 2.3) of .7 mm thicknegs ecach were
placed under the alumina structure one by one to make different
thicknesses of low dielectric constant material under the main
guide. The experimental results of this investigation are shown
in Fig. 5.10.

The computer program has been run for these particular
cases to investigate if there is any correlation with the experi-
mental results. The computer result is shown in Fig. 5.11, where
the attenuation constant is given in Nepers per mm x (%).

The computer results show that the system should have a
stopband between 10.5 GHz and 13 GHz. From the experimental result,
the stopband is between 10 and 11.5 GHz, so there is a discrepancy

of about 1 GHz in the bandwidth of the stopband. The overall shape

- entf. | -
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of the theoretical and experimental results are very similar. It
is evident theoretically that the attenuation at frequencies below
the stopband is negligible. Experimentally, the insertion loss
curves for the cases with and witfiout metal strips differ very 1{it-
tle for the region below the stopband, This confirms negligible
loss predicted by theory. In the leaky region (which occurs at

14 GHz theoretically and at 12 GHz experimentally), the attenua-
tion predicted is about 1 dB/cm. This ratio gives us about 10 dB
of insertion loss for the particular length of device used in the
experiment. The experimentally observed insertion loss is also
about 10 dB. For this particular case, the computer program has

[25] method to

been run using the effective dielectric constant
compensate for making the structure finite in the y direction.

The effective dielectric constant has been obtained in
the following manner. The propagation constant of a dielectric
guide with a height of 100 mm was first computed. We now assume
that this guide has an infinite height and, hence, is a slab wave-
guide. Next, we adjust the value of the dielectric constant of a
guide with a height of 4 mm in such a way that the propagation
constant is identical to the one in the guide with an "infinite"
height. Such a value of dielectric constant is taken as the

effective dielectric constant of the 4 mm guide, Some standard

software to calculate the propagation constant of an image guide

has been used to calculate the effective dielectric constant. The
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program has been run for each particular frequency since the
effective dielectric constant is very dispersive, especially for
a small guide like the one used here.

Onc should note that the effective dielectric constant
method only takes care of a finite size dielectric, but does not
take care of finite length of metal strips. On the other hand, it
is very difficult to do the same effective dielectric constant
method for the case where ferrite is involved since no extensive
study is available to date to calculate the effective dielectric

constant and the effective permeability of a ferrite guide.

5.5 Effect of Making the Structure Finite in the Y~Direction

It was pointod out in the previous section that the
effective dielectric constant method cannot be applied to the
structure containing ferrite. It is, therefore, necessary to
experimentally study the effect of a finite size structure. It is
inferred that the waveguide with a larger dimension exhibits better
agreement with the theory based on the infinitely high structure.

To make this investigation, three different sizes of
guides were produced. Each of the three guides had a different
height. One was 5 mm in height and the others were in turn 10 mm
and 15 mm. The period of the metal strips used was 10 mm and the
strip width was 2 mm. On the basis of the previous investigation &
(see 5.4), the number of strips used was 11. The thickness of

ferrite was 1.5 mm and the thickness of dielectric also 1.5 mm.
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The dielectric was Stycast HiK (E:r = 10) and the ferrite material
had a dielectric constant of 12 and a saturation magnetization of
1.75 KG. Each of the three structures was run in the magnet with
and without metal strips. One run was made with just one layer of
3M scotch tape and one with one slab of dielectric of .7 mm thick-
ness and 2.3 dielectric constant. Experiments have also been made
with a dielectric material only on both sides of the metal strips.

The experimental results of this investigation are shown
in Fig. 5.12. Figs. 5.13 and 5.14 are tables listing the observa-
tions worth noticing from these experimental results. The most
important observation from those results is that non-reciprocity
occurs in the negative permeability region. The best example of
this is shown at a magnetization of 3 K Gauss. In the experimental
results, the non-reciprocity is seen clearly for 10 mm and 15 mm
thickness. The region of non-reciprocity occurs from 11 GHz to
12 GHz. This frequency range corresponds directly with the nega-
tive permeability region. Although the negative permeability
region is from 10.6 GHz to 13.3 GHz, the permeability is mostly a
large negative number between 11 GHz and 12 Gllz. Fig. 5.15 shows
how theoretically the negative permeability region occurs.

The comouter program has been used to investigate if
this non-reciprocal effect could be predicted theoretically.
Unfortunately, for the structure with no metal strips in the posi-

tive direction, no solution was found for the negative permeability

e —— - - -
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Height of
structure

Structure with no
metal strips

Structure with
metal strips

5 mm.

t+ve direction goes into
resonance at a frequency
200 MHz higher than the
-ve direction.

-ve direction goes into
resonance at a frequency
1 GHz higher than the
+ve direction. So the
non~reciprocity occures
just below resonance,
that is in the negative
permeability region.

10 mm.

+ve direction goes into
resonance at a frequency
100 MHz higher than the
~ve direction.

The -ve direction goes
into resonance at a
frequency 1.5 GHz higher
than the +ve direction.
The over all insertion
loss is higher than the
case when the height

was 5 mm,

15 mm.

+ve direction goes into
resonance at a frequency
70 MGz higher than the
-ve direction.

The same as for the 10 mm
heihgt, the only differenc
is that there is more
insertion loss over the
whole band.

)

Fig. (5.13) Comparison between the structure
with and without metal strips.
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region between 11 and 12 GHz. Therefore, no initial guess was
available to determine how the structure behaves with metal strips.

From the theoretical results, it is evident that more than
one mode exists in the system. From the computer results at 3 KG
(Fig. 5.16), it could Be easily seen that two modes exist for the
system both with and without metal strips., These two modes may be
identified as the magnetostatic mode and the dynamic mode.

Most probably the non-reciprocity occurring in the nega-
tive permeability region is due to the dynamic mode, since according
to the work done by Bollézlthis mode is the most dominant in this
region.

So, since no initial guess was available, variuos arbitrary
initial guesses were run through the computer program for the deter-
mination of the propagation constant. Fig. 5.17 and Fig. 5.18 show
the results obtained in the frequency range from 10 to 13 GHz with
different values of initial guess. It is evident that when a small
initial guess was chosen, there was no non-reciprocity in the attenua-
tion coefficient. On the other hand, when a large initial guess was
used, non-reciprocity is evident in the 11 to 12 GHz frequency
range. From the computer result, the forward loss should be about
30 dB while the backward loss should be about 60 dB. Experimentally,
with a structure of 10 mm height, the forward loss is about 15 dB
while the hackward loss is ahout 38 dB. Although these results do

not correlate exactly, one could infer what takes place since the
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‘ greater the height of the structure, the closer the correlation with

: ' the theory.
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CHAPTER &

CONCLUSIONS

6.1 The Theoretical Formulation

The theory used in this article assumed that the structure
is infinite in the x and y directions. Having the structure finite
in the x-direction may not be very far from being infinite since all
the parameters derived from the program are per unit length in the x
direction. When the number of strips is finite, one must then con-
sider the edge effects due to the first and last strips. For an
appreciable length of the periodic structure, the edge effect may,
however, be neglected.

The main deficliency of the theory is the assumption that
the structure is infinite in the y-direction. Development of the
theory for a finite y-dimension 1is very difficult, since one has
also to take into consideration that the metal strips are finite,
The use of the effective dielectric constant method is not suffi-
cient since it only considers the propagation constant of the struc-
ture without metal strips. From the experiments performed to inves-
tigate the effect of varying the y-dimensions, it seems difficult
to correlate the results for the same structures having different
y-dimensions. This suggests that there exists large difference

between structures finite and infinite in the y-direction,
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6.2 The Experimental Investigation

The apparatus used for the first investigation was quite
adequate. The waveguide reflectometer system was very effective and
the overall characteristics of the system are quite stable. A piece
of apparatus that could have really helped the measurements is a
sweeper that could go from 7 to 16 GHz in one sweep, instead of
having to use several narrower-band sweeps to cover the entire spec-
trum. Such a sweeper would have reduced the experimental time by
almost one-half.

The experimental measurements made in such a system were
a function of three variables, namely, frequency, attenuation or
reflection and magnetization. A three dimensional plot would be
quite convenient for these measurements. Such plots would make the
experimental results much more presentable and easily interpreted.
Three dimensional plots could be produced if computer graphics had
been available. In such a case the experimental data of, say, one
magnetization would be directly stored in memory on a fast sweep
rate and then sweep the magnetization at a slower rate than the fre-
quency sweep, and putting information in the computer of the value of
the magnetic field by using the external output of a Gauss meter.

If such a system were used it would take only a few minutes
to obtain detailed experimental results, since the magnetic field
could be varied in smaller discrete steps. As it was, with the

apparatus used to take the data for the structures presented in this
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article, ahout three hours were required to plot the characteristics

of aone structure.

6.3 Possihle Improvements and Uses of Proposed Structure

From the experimental results ohtained, it is evident that
non-reciprocity exists. The only problem that detracts from the
utility of the device is that up to now the forward loss is about
10 dB. This forward loss can be reduced by a number of techniques
such as adjusting the period and strip width and the dimensions of
the guides.

In the future, an iInvestigation of the effects of period
and strip width on the non-reciprocity could be made in much more
detail. One might also consider using tapered metal strips to
reduce the reflections due to the strips in the edge of the device.

As long as the non-reciprocity occurs in the negative
permeability region, the only control on the bandwidth of the iso-
lator is obtained by using ferrite materials with different satura-
tion magnetizations. This is somewhat limited since the highest
saturation magnetization available is in the 5 K Gauss region, which
would produce a bandwidth of about 3 to 4 GHz.

In the design of an operational device one must also take
into consideration the sizes of the dielectric and the ferrite
slabs. In this investigation most of the work has been made with
the same thickness of ferrite and dielectric, and the dielectric

used had a relatively high dielectric constant,

s, -
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i Finally, one item of great interest is the experiment made
; with the metal strips touching the ground plane. In this case, it
has been observed that non-reciprocity occurs at 12 GHz with the

applied magnetic field fn the 500 Gauss region or less, which means

that we have non-reciprocity at a very low biasing magnetic field,
so that the ferrite is not even saturated. Such a device has not
been extensively investigated in this article. This should be con-

sidered in the future.

: Devices based on the present structures are believed use-

g ful. They are compatible with image guide systems and could be 1
‘ easily used at millimeter-wave frequencies. Another possible use
] of such a device is in the design of masers since the structure ‘

consists of a slow wave structure and it is non-reciprocal.




f APPENDIX

PROGRAM FERLOAD (INFUT,OUTHUT,FLOTR)

1 ...
, 2 ... C FERRITE WAVEGUIDE WITH FERIODIC METAL LOADING IS ANALYZED
5 3 ... C BY USING THE SFECTRAL DOMAIN APPROACH.
4 ... C SUBROUTINE(SFACE) CALCULATES ALL SFACE HARMDNICS
5 ... C OF THE BASIS FUNCTIONS.
6 ... C SUBRQUTINEC(UNIFORM) SOLVES UNIFORM FERRITE-DITLECTRIC
7 ... C WAVEGUIDE WITHOUT METAL STRIFS, AND ITS ROOT 1S USED
8 ... C AS AN INITIAL GUESS FOR THE PERIODIC STRUCTURE.
9 ... C SUBROUTINE(PERIOD) SOLVES PERIODIC FERKRITE-DIELECTRIC
10 ... C WAVEGUIDE WITH METAL STRIPS, BY MEANS OF MULLER METHOL.
11 ... C SUBROUTINE(DETER) CALCULATES THE MATRIX ELEMENTS OF
12 ... C CHARACTERISTIC EGUATION BY SUMMATION AND THEN
13 ... C CALCULATES ITS DETERMINANT.
14 ... C SUBKOUTINE(IMFED) FORMALLY CALCULATES INFUT IMFEDANCLES/
15 «.. C ADMITTANCES OF THE +- N-TH ORDER SFACE HARMONICS.
16 ... C SUBROQUTINE(EQUIV) ACTUALLY CALCULATES EQUIVALENT
17 ... C TRANSVERSE CIRCUIT, THAT IS, F-MATRICES
18 ... C FOR BOTH FERRITE AND DIELECTRIC SLABS AND THE
19 ... C CHARACTERISTIC ADMITTANCE FOR AIRK REGION FOK ANY BETA,
20 ... C AND THEN OBTAINS INFUT IMPEDANCE FOR METAL SURFACE.
21 ... C SUBROUTINE (GRAPH) FLOTS THE VALUES OF KO/FAl
22 ... C VS. BUO/PAI AND AD/FAIL
23 ... C
24 ... DIMENSION C1(50),£2¢(50),C3(50),C4(50)
2% ... DIMENSION AA(S0),BB(2,50),0C(2,5%0),DD(2,50),EE(4,50)
26 ... COMFLEX BETA,ERROK,EP,BK,HILW,HI2,AM,AK EM,S]
: 27 ... PAT=3.1415924 N k
' 28 ... C WAVEGUIDE STRUCTURE 1S GIVEN HERE.
29 ... C NOTE STRUCTURE [S INFINITE IN THE Y-DIRECTION
‘ 30 ... C EF = DIELECTRIC CONSTANT OF FERRITE LAYER i
' 31 ... C HI = DC MAGNETIC FIELD AFFLIED IN Y-DIRECTION (K OERSTELS)
, 32 ... C SM = SATURATION MAGNETISATION OF FERRITE (K GAUSS) ;
' 33 ... C TF = THICKNESS OF FERRITE LAYER (MM) 9
! 34 ... C ED = DIELECTKIC CONSTANT OF DIELECTRIC LAYER
i 35 ... C TD = THICKNESS OF DIELECTRIC LAYER (MM) 4
36 ... C T = FERIOD OF METAL STRIFS (MM)
37 ... C A = WIDTH OF METAL STRIPS (MM)
Jg ... C WL = LINE WIDTH OF FERRITE LAYER (K OEKSTEDS)
39 ... READ 100,EF,HI,SH,TF,ED,TL,D,A, WL
40 ... 100 FORMAT(9F8)
41 ... C PRINTING OF ALL THE DATA
42 ... PRINT 150

43 ... 150 FORMAT(1H!, FERRITE --/4X, FERMITIVITY", 64X,

44 ... 17INT. MAG. FIELD (KOE)~
45 ... 1,4%X, "SATURATION (KGAUSS) ,4X, THICHKNESS (MM)~,
44 .e 15X, "LINE WIDTH (KDE)")
47 ... PRINT 200,EF,HI,SNM,TF,UL 3
48 ... 200 FORMAT(IH ,AX,FZ.3,13X,FP.3,17%X,F72.3,13X,F2,3,13X,F?.3) x
49 ... FRINTY 2%0
50 ... 250 FORMAT(1HO, DIELECTRIC ~-/4X, "FERMITIVITY ,h 4X, ;
S1 e 1 "THICKNESS (MM) ")
52 ... PRINT 275,E0,TD 3
93 ... 275 FORMAT(IH ,3X,F7.3,8X,F7.3)
954 ... PRINT 800 J
59 ... 800 FORMAT(1HO, METAL STRIPS --/4X, FERIOD (MM)~, ’
56 ... 14X, "WIDTH (MM) )
$7 ... FRINT 850,D,A
58 ... 850 FORMAT(IH ,4X,F?.3,8X,F?7.3) {
59 ... DA=D/A :
60 ... C NO. OF SPACE HARMONICS 4
114 1
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NG. OF SFACE HARMONICS

NMAX MUST HE LESS THAN OR EQUAL TO S0.

N NMAX=40

FOURIER TRANSFORM OF BASIS CURRENT DISTRIBUTIONS

WILL BE CALCULATED.

BEASIS FUNCTIONS ARE INDEPENDENT OF FREQGUENCY AND WAVEGUIDE

STRUCTURES AND DETERMINED EY ONLY PERLIOD AND STRIF WINTH.
CALL SPACE(DA,C?1,C2,C3,C4,NMAX)

o0~ O~ O~ O

N oW1t =

. . .

. . .

. . .
o0

.
.
.
OO0 0

o~ O~ O~ O
0 MmN
.

.

.

... C NO. OF BASIS FUNCTIONS
... C N MUST BE LESS THAN OK EQUAL TO 4.
70 ... N=4
71 ... C CONVERGENCE CRITERIA
72 ... EFS=1.E-9
73 ... PRINT 400,N,EPS
74 ... 400 FORMAT(1H ,°NO. OF BASIS FUNCTIONS =-,12/X,
' 75 ... +“CONVERGENCE CRITERIA = ,E13.5//)
76 ... C 2.8 IS GYROMAGNETIC RATIO. (UNIVERSAL CONSTANT)
7o UL=uL/2.
78 ... HILW=CHFLX(HI,WL)+2.8
79 ... SH=SM*2.8
80 ... HI2=HILW*HILY
81 ... C LODOPING ON THE +VE AND -VE DIRECTIONS OF THE MAGNETIC FIELL
B2 ... 1o 10 I=1,2
83 ... C THE DIRECTION OF MAGNETIZATION IS SPECIFIED.
84 ... HI=-HI
S ... HILU=-HILY
86 ... SM=-5
87 ... IF(1.EQ.1) 60 TO 1
88 ... FRINT 110
89 ... 110 FORMAT(1HO, 'FOSITIVE DIRECTION /)
90 ... 60 TO 2
91 ... 1 PRINT 120
92 ... 120 FORMAT(IHO, NEGATIVE DIRECTION"/)
93 ... 2 CONTINUE
94 ... C FREQUENCY WILL KE SWEPT.
5 ... b0 20 J=6,18
96 ... K=J-5
7. F=FLOAT(J)
98 ... FR=F ¢F
99 ... C TENSOR PEKMEAEILITY OF MAGNETIZED FERKITE IS GOVERNED
, 100 .., C BY FOLDEK 5 FORMULA, AS SHOWN BELOW.
i 101 ... C AN IS DIAGONAL ELEMENT (MYU) .
102 ... C AK IS OFF-DIAG. ELEMENT (KAFA) .
103 ... AM=1.+HILWASH/(HI2-F2)
‘ 104 ... AK=SH&F/(HI2-F2)
' 105 ... € PERMIABILITY TENSOK KELOW SATURATION
' 106 ... C EQUATIONS DUE TO GREEN AND SANDY
; 107 ... SMX=SM+.75/2.
! 108 ... IFCABS(HI).GE.AES(SM)) GOTO 111
| 109 ... IF(AES(HI).GT.AES(SHX)>) GOTO 111
! 110 ... PRINT 999 ,F
111 ... 999 FORMAT (1H ,F15.7) _
12 ... UMO=2./3.%5QKT 1.-(SH/F)es2)+1./3.
113 ... AM=UNO+(1.-UMO)%SBRT((HI42.B/5M) ++3)
, 114 ... AK=-HI*2.8/F
X 115 ... 111 CONTINUE
: 116 ... C EM IS EFFECTIVE FERMEARILITY
117 ... C  SI=KAFA/MYU

118 ... C WN 1S WAVENUMEKER IN FREE SFACE.
EM=CAM+YAM~AK+AK) /AN

]
.
.
.

120 ... SI=AK/AM

121 ... UN=F*2,%FAI/300.

122 ... PRINT 300 ,F,ENM,SI

123 ... 300 FORMAT(IH ,“F=" ,F7.3,°(GHZ) ,2X, EM=",E13.5,2X,E13.5,2X,
’ 129 ... t°61=-,E13.5,2%X,E13.9%)
¢ : 125 ... PRINT 350,HILU,SM,AMN,AK
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FRINT 350,HILU,SN,AM,AK
350 FORMAT(IH ,“HILW=",F?.3,2X,F7.3,2X, SM=",F7.3,/
1,1X, "AM=",F7.3,2X,F?.3,2X, AK=",F?.3,2X,F7?.3) .
Wh=UN+DI/FAL
PRINT 351,VD
351 FORMAT(IH , “KD/FAI=",E13.9)
AT FIRST, UNIFORM WAVEGUIDE IS ANALYZED,.
CALL UNIFORM(EF,EM,SI,TF,ED,TD,UN,D,E0)
BO IS USED FOR INITIAL BUESS FOR FERIODIC STRUCTURE.
BOK=EO/UN
PRINT 355,ROK
355 FORMAT(1H , "BO/WN=",E13.5)
FERIODIC WAVEGUIDE WILL BE SOLVED.
CALL PERIOD(WN,EF,EM,SI,TF,ED,TD,D,N,C1,C2,C3,C4,
*NMAX,B0,BETA,MI,EPS,ERROR)
BETA IS PROPAGATION CONSTANT OF PERIODIC UWAVE.
REAL FART IS PHASE CONSTANT
IMAG. FART IS ATTENUATION CONSTANT DUE
IO REFLECTION OR LEAKAGE.
MI IS NO. OF ITERATION IN MULLER METHOD.
ERROR IS DEFINED BY FUNCTION(EETA).
FRINT 360,BETA,MI,ERROR

340 FORMAT(IH , BETA=",E13.5,2X,E13.5,5X, "Nl=",13,
*2X, “ERROR=",E13.9,2X,E13.5)
BK=RETA/UN
FRINT 370,BK
370 FORMAT(1H ,“BETA/WN=",E13.5,2X,E13.5)
BF=RE*UD
380 FORMAT(1H ,“BO/FAI=“,E13.5,2X,E13,5/)
FRINT 380,BF
FORMATION OF ARKAYS TO MAKE PLOTING EASYER R

BO1=F0*D/FAl

BI2=REAL (EP)

BDO3=ABSC(AIMAG(EP))
LOGIC T0 AVOID GOING OUT OF RANGE ON THE FAFCH

IF (WD.LT.0.0) WD=0.0

IF (WD.GT.1.5) WDO=1

IF (gD1.LT.0.0) BRI

WHEN FLOTING

IF
IF
IF
IF
IF

(BD1.6T.2.5)
(BO2.LT.0.0)
(BD2.6T7.2.9)
(BE3.LT.0.0)
(BD3.GT.2.5)

EBD1
RU2
BD2=
ED3=0.
EN3=2.5

RSO

« e s
oo umo

QA K WD
BBCI,K)=HD1
CLCI,H)=BD2
IOCI,K)=8D3

20 CONTINUE

10 CONTINUE
00 15 1=1,2
10 25 K=1,13
EECI.K)=BE(I,K)
EE(I+2,K)=CCCI,K)
EE(I+4,K)=DICI,K)

25 CONTINUE

15 CONTINUE
UL=UL*2,
SM=5M/2.8
CALL GRAPH (EE,AA,EF,HI,SM,TF,ED,TH,D,A, W)
STUF
END

- - - taemd . B
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SUBKOUIINE SFACE(FD,C1,C2,C3,C4,NHAX)
DIMENSION C1¢(50),C2(¢(50),C3(50),Ca(50)
SFACE HARMONICS OF FIELD DISTRIRUTIONS ON THE APERTURE.
FAT=3.1415926
X=FAL*x(1.-1./FI)
EDGE CONDITION IS NOT CONSIDERED.
THE EASIS FUNCTIOHS USED ARE

El = PAT*D/2/CD-A)+EXF(J+BOX)+COS(FATXX/ (D-A))

E2 = J*FPAT*D/(D-A)#EXP(J ROV XD 4 SIN(2#FAT#X/(D1-A))

E3 = -3+#FAL+0/2/(D-A)*EXP(J+EO+X)*COS(3+PAI+X/(D-A))
E4 DAEATAD Y/ (D-A)YREXF (J+BO*X) «SINCA+PAT* X/ (D-A))

THE SFACE HARMONICS OF THE EASIS FUNCTIONS HAVE REEN
CALCULATED ANALYITICALLY AND ARE GIVEN BY C1(N),C2(N),
C3(N),CA4(N) RESFECTIVLY

DD 10 N=1,NMAX

XN=X+FLOAT(N)

XN2=XN+XN

E=XN2#4./FAI/FAL
-~E

.~E/9.
D=1.-E/16.
SN=SIN(XN)
CN=CNS(XN)
Ci1{N)=CN/A
C2(N)=SN/B
C3I(N)Y=CN/L
CA4(N)Y=SN/D
CONTINUE

FRINT 100,NMAX
FORMAT(IH , "NO.
RETURN

END

0F SPACE HARMONICS /X, NMAX= ,12)

SUFROUTINt FERIOL(WN,EF,EM,SI,TF,EDL,TD,E,N,C1.C2,C3.C4,

*NMAX ,FO, KETA,MI,EFT,ERROR)

COMFLEX BETA.B(3),F(3),ERRUOR.F32,F21,F321,LAMDA,

«0DET RDET,TF, TN, 11, BN,EM,SI

DIMENSION C1(50),C2(50),C3(%50),C4(50"
FERIODIC STRUCTURE IS SOLVED.

EFS=EFT

P=E

MC=1
INITIAL GUESS OF FBETA

R(1)=k0

B(2)=B(1)¥0.95

B(3)=B(1)%0.9
FROFAGATION CONSTANT OF EIGEN MODE WILL FE SOLVED
BY MEANS OF MULLER METHOD.
MULLER-S METHOD IS A GOOD MEIHOD TO FIND THE ROO'S OF
A COMFLEX FUNCTION IF THE DERIVATIVE OF THE FUNCTION
IS NOT KNUWN. FOR MOKE DETAIL ABOUT MULLER-'S METHODR
SEE "ELEMENTS OF NUMERICAL ANALYSIS  RY PETER HENRICI,
JOHN UILEY & SONS. 1964, CHAFTER 10 ,PAGE 198.
ORJECTIVE FUNCTION IS APFROXIMATED BY FOLYNOMINAL
OF SECOND DEGREE.

po 10 1=1,3
(DETEF) 1S5 A SUBROUTINE WHEFE YOU FEFD IN BETA AND IT
WILL GIVE YOU KACK THE DETERMINANT F,WHLCH WE NEED TO
MINIMIZE TO ZERO IF FOSSIBLE.
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MINIMIZE TO ZERO IF POSSIBLE.
CALLING OF DETER FOR THE FIRST THREE INITIAL POINTS
OF MULLER'S PETHOD
CALL DETERCE(I),F(I),EF,EM,SI,TF,ED, TD,UN,P,N,
1€1,C2,C3,C4,NHAX)
0 CONTINUE

30 IF(CAKS(B(3)-B(2)).LE.EFS) GO TO 24

F32=(F(3)-F(2))/(R(3)-B(2))
IFCCABS(B(2)-B(1)).LE.EFS) GO TO 24
F21=(F(2)-F(1))/(B(2)-B(1))
IF(CABS(E(3)-B(1)).LE.EPS) GO TQ 24
F321=(F32-F21)/(B(3)~B(1))
LAMDA=(R(3I)-B(2)) «FI214F32
IF(CABS(LAMDA) .GE.1,E37) GO TO 27
DET=LAMDA*%2-4,F(3)xF 321
RODET=CSQRT(DET)

TE=LAMNDA+RDET

TN=LAMDIA-RDET
IF(CABRS(TF).GE.CAES(TN)) GO TO 22
H=-2.%F(3)/TN

GO 10 23

22 CONTINUE

H=-2.0F(3)/TF

23 BN=B(3)+H

NEW AFFROXIMATE ROOT
B(1Y=R(2)
B(2V=R(3)
B(3)=EN
FCI)=F(2)
F(2)=F(3)
IF(CABS(H/E(3)) .LE.EFS) GO TO 40
IF(MC.GE.5C) GO TO 24
MC=MC+1
LOOFING ON DETER TO OPTIMIZE THE SOLUTION OF HAVEING F=0
CALL DETER(B(3),F(3),EF,EM,SI,TF,EL, TD,UN,P,N,
1C1,02,C3,C4,NHAX)
G0 TO 30

24 MI=HC+S0

4

60 T0 S0
0 HI=nC

S0 BETA=E(3)

3
']

FINAL CALL OF LETE:" TO PRINT RESULT

CALL DETER(B(3),F¢3),EF,EM,51,TF,ED, TD,UN,F,N,
1C1,C2,€3,C4,NHAX)

ERRDR=F (3)

RETUFRN

MI=999

ERRUE=1,E49

RETURN

ENU

SUBROUTINE DETERCE, b, EF EM,SI,1F EN, TD,UN, R, N,
1€1,C2,C3.C4,NHAX)
CALCULATION OF DETERMINANT OF CHAKACTERISTIU EQUATION
NIMENSION C1(50),C2¢%0),C3(50),C4(50)
COMFLEX B,F,P11,P12,F13,P14,F22,P23,P33,F24,P34,P44
+,0(4),2,2P,IN,2ZA,2S,U,EN,SI
CALCULATION OF MATRIX ELEMENTS
0=k
(IMPED) GIVES THE VALUES DF THE ADMITANCES AT THE FOINTS
WHERE THE METAL STRIFS ARE SITUATED THAT 1S YU+YL .
NUW ZP AND PN ARE THE ADMITANCES OF THE +VE AND -VE
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NUW ZF AND vH ARE THE ADMITANCES OF THE +VE AND -VE
DIRECTIONS RESFECTIVLY.

S0 FINALLY WE WILL ENID UP WITH 2«NMAX+) SFACE HRMONICS.
NOTE THAT THE MATRIX IS FORMED kY THE FROLUCT OF
EN+VEN+YN AND NOT EY JN#*JN#ZIN.

THE ZEROTH SFACE HARMINIC IS CALLED HERE
CALL IMFEDC(ZF,ZN.®,0,EF,EM,SI,TF,ED,TD,UN,G)
2=2F
F11=2
F12=¢(0,0,0.0)
F13=C2
P14=¢0.0,0.0)
F22=¢(0.0,0.0)
F23=(0.,0,2.0)
F24-4(0.0,0.0)
P33=2
F31=(0.0,0.0)
P44=¢(0.0,0.0}
00 10 N=!,NMAX
LOOPING ON THE REST OF THL SFACL HARMONICS
TO0O FORM THE MATRIX.
CALL IMPEDC(ZF,IN,B.N,EF,EM,SI,TF,EL,TD,UN,Q)
ZA=ZF+IN
I5=7F-IN
D1=C1(N)
02=C2(N?
D3=C3(N)
N4=CaiN>
FIi=F11+ZA«Dt DY
F12=F12+4ZS+D1+D2
F13=F13:zA¢D1 D3
F14=F14+25+D1+D4
F22=F22+4ZA«L2*D02
PA2I=F23+25v02403
F24=F24+4ZArD2r04
F33=F3I3+ZA+D3403
F34=F34+25+03+04
FA4=F44+2A+D4+D4
10 CONTINUE
CALCULATION OF DETERMINANT
Dery=F11
DE2)=F11&F22-F124%1712
DC3)=F11*P22kP 3342 #F120F 34F13-F134F 1 34F2D-F23
1P23¢F11-F12¢F121F 33
DCA)=F1 1R (P22 (PS4 ad-FIA+F34)~-F234(FIT4FA4-3 a0
TP24) +P2A+ (FLEHFIA-FAT+P24)) P12 (PI2(FIT4FA3--F 30
2F34)-F23+(F134FAA-F34+F14)+F24+(F13+F3A4-F334111))+
P13 (FI2V(F239FAA-F 54 F24)-F22¢(F i +FA4-F34+F14)
A+F 24 (FI3YP24-P231F14))-PHAC(FI26(F234+FT4-FI341"24)~
RS2V (FTIIFTA-FITEF14)+F23+v(FPI3VF24-F234F14))
F=D{(M)
RETUKN
END

SUBROUTINE IMFED(ZF ZIN, B N EF L EM, ST, TH ED.TD UN, i)
EVALUATION GF INFUT [MUEDANCE OF SFALE HAKMONICS BY USING
EQUIYALENT TRANSMISHION LINL.
COMPLEX B.ENF.ENN,JF, N, Z.EN,S]
FAL-3.1415926
ENF B+ 0 FAT FIFLOAT(N)
BUN=R=2 b EAT /P FLOAT I N)
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BENN=B-2.*FAI/F+FLOAT(N)
INFUT IMMITANCE FOR +N-TH ORDER HARKMONICS.
CALL EQUIV(ENF,EF,EM,SI,TF,ED,TL,WN,2)

ZpP=2

INFUT IMMITANCE FOR ~N-TH ORDER HARMONICS.
CALL EQUIV(BNN,EF,EM,SI,TF,ED,TD,UN, )
IN=2 -
RETURN
END .

e

SUEROUTINE EQUIV(B,EF ,EM,SL,TF,ED,TD,UN ,Z)
INFUT IMMITANCE OF SFACE HARMONICS IS CALCULATED.
AIR-FERRITE - METAL DIELECTRIC ~AIR STRUCTURE

COMFLEX B,EK2,PF,PA,PD,SF,5G,AF,BF,CF,DF ,ADl, ED,CD, LD,

1YL,Y,YF,YD,Z,U,S50,YU,AW,BW,CW,DUW,ENM,ST

U=(0a,1.)

E2=R+B

UN=UN

WUN2=UN+UN
SELECTION OF BRANCH

FA=CSQRT(B2-UN2)/U

PF=CSQRT(UN2+EF+EM-B2)

FD-CSQRT(WN2+ED-B2)

SF=FF*TF

SH=FD+TL

S6=SI+R/FF

YE=PF/UN/IZH

YD=FDO/UN
F-MATRIX OF FERRITE SLAB

AF=CCOS(SF)~SG+LSIN(SF)

NF=CCOS(SF)+S5G*CSINC(SIF)}

BF=UCSIN(SF)/YF

CF=U+CSIN(SF)I*YF4(1.+8G+5G)

F-MATRIX OF DIELECTRIC SLAE

AD=CCOS{(SD)

| (HENY 1]

EO=U+CSIN(SD)/YD

CI-U+CSINCSD)+YD
CHARACTERISTIC ADMITTANCE OF AlK REGION

Y=FA/UWUN
INPUT ADMITTANCE OF LOWER REGIOWN

YL=(CD+DD*Y)/(AD+BD*Y)

INPUT ADMITTANCE OF UPFER KREGION

YU=(CF+AF*Y)/{DF+KF*Y)

INPUT INPEDANCE

Z=YU+YL

RETURN

END

SUEROQUTINE UNIFOURM(EF ,EM,ST,TF,ED, TU,UN, D', RO)
BISFERSION KRELATION OF UNIFORM FERRITE-DLELECTRIC
WAVEGUIDE UWITHOUT METAL.

COMFLEX B,2.Y,EN,SI

PAT=3.1415926
DETLRMINATION OF THE REGION FOR THE SEARCH
OF A& SOLUTION FOR RETA.

KEM=EF *REAL(EM)

BN=ED*3.
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EN=ED+3,
IF(FM.LT.EN) BM=EN
BH=SQRT(EM) t0.99999*3.
DB=(EM-1.00001)/100.
1=0.0
B['=0.0
DD 30 K=1,101
B=(1 . +DB*FLOATC(K-1))40N/3.,0
CALL EQUIV(R,EF ,bM,SI,TF,ED, TD,UN,Y)
=Y
IF(K.EQ.1) GO TD 1
4 ZJ=AIMAG(D)
BF=REAL(R)
S=ZT+2ZJ
IF(S5.L7.0.0) GO TO 3
Z1=2J
BR=EKP
GO 10 2
1 ZI=AINAG(Z)
BER=REAL (B)
GO 710 4
3 IF(ABS(ZI).G6T.1.) GO TO &
INTERFOLATING FOR A HETTER VALUE OF EETAH
ONCE THE SOLUTION CHANGES FROM +YE TO-VE
BO=(ZI+BF-ZJ+BR)+B/(21-20)/FAl
FRINT 300,ED

30D FORMAT(IH , "BD/FAI= ,E13.5)

6 Z1=2J
BR=EF
2 CONTINUE
30 CONTINUE
BO=KD+FAL/D
FRINT 200,E0

200 FORMAT(IH , "BO=-,E13.9/X, "UNIFORM END)

RETURN
END

SURKOUTINE GRAPH (EE,AA,EF,HI,SM,TF,EL,TD,D0,A,UL)
(GRAFH4) FLOTS THE YALUES UF KI/FAI VS. BD/FAl AND AL/FAI
THAT IS THE REAL AND IMAGINARY FARTS O+ FETA
FOR THE FERRITE-METAL STRIFS-DIELECTRIC STRUCTURE.

IT ALSU FLOTS THE SOLUTION OF EETA FOR JUST THE FERRITE-
DIELECTRIC STKRUCTURE THAT IS WITH NO METAL STRIFS.
DIMENSION EE(6.50),AA(50) ,EE1(50)
CALL FLOTS ¢0,0,5LFLOTR)
FRINTING OF THE DATA
CALL SYMBOL (2.0,.4,.1,2,0.,-1)
CALL SYMEKOL(2,2,.55,.1,
#33H- BRETA+I/FI WITH NO METAL STRIFS,.0,33)

CALL SYMBOL (2.,.35,.1,3,0,,-1)

CAaLL SYMBOL (2,2,.3,.1,

*39H- RETA+DI/FI WITH FERIODIC METAL STRIPS,0.,39)

CALL SYMEOL (2.,.1,.1,5,0.,-1)

CALL SYMEOL ¢2.2,.05,.1,

v40H- ALFHA*D/FI WITH PERIODIC METAL STRIFS,0.,40)

CALL SYMBOL (1.5,%.75,.1,1 1HEFSILON-F =,0.,11)

CALL NUMBER (2.6,5.75,.1,EF,0.,2)

CALL SYMBUL (4.9,5.7%,.1,10HD = MM,0.,10)

CALL NUMBER (4.8,5.75,.1,0,0.,2)

CALL SYMBOL (4.5,5.75,.1,11HTF =

CALL NUMBER (6.9,5.75,.1,TF,0.,2)

CALL SYMBOL (1.5,5.5..1,1tHEFSILON-D =,0.,11)

MM,0.,11)
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b 515 ... CALL SYMEOL €1.5,5.5,.1,11HEFSILON-D =,0.,11)

; 516 ... CALL NUMBER (2.6,9.5,.1,El,0.,2)
517 ... CALL SYMBOL (4.5,5.5,.1,10HA = MM,0.,10)
518 ... CALL NUMEBER (4.8,5.5,.1,A4,0.,2)
519 ... CALL SYMBOL (6.5,5.5,.1,11HTD = MM, 0.,11)

) 520 ... CALL NUMBER (6.9,5.5,.1,T0,0.,2) .

! 521 ... CALL SYMEOL (1.5,5.25,.1,

f 522 ... +2BHIC MAGNETIC FIELD = K 0E,0..28)

| 523 ... CALL NUMBER (3.4,5.25..1,HI,0.,2)

- 524 ... CALL SYMBOL (5.5,5.25%,.1,
525 ... +26HH-SATURATION = K GAUSS,0.,26)

: 526 ... CALL NUMEER (6.9,5.25,.1,5M.0.,2)

: 527 ... CALL SYMBOL ¢1.5,5.0,.1,
528 ... F29HFERRITE LINE WIBTH = K 0E,0.,29)

' 529 ... CALL NUMBER (3.5,5.0,.1,4L,0.,3)
S30 ... CALL SYMEOL (4.5,1.75,.07,
531 .. #26H- -~~~ NEGATIVE DIRECTION,O.,26) ;
532 .. CALL SYMBOL (6.5,1.55..07, |
533 ... . #26H- - - - POSITIVE DIRECTION,O.,26)
534 ... CALL AX1S (1.0,1.0,17HBI/F1  AND  AL/PI,-0,7.5, E
S35 ... #0.0,0.0,0.3333333) !
536 ... CALL AXIS (1.0,1.0,5HKI/F1,5.4.5,90.0,0.0,0.3233333) :
537 ... CALL FLOT (1.0,1.0,3) ]
538 ... CALL FLOT (4.0,4.0,2) ¥
539 ... CALL PLOT (7.0,1.0,2) i
S40 ... C SETTING OF THE ORIGIN 5
541 ... CALL ORIGIN (1.0,1.0,0) ]
542 ... 00 11 N=1,6é ]
543 ... 00 9 K=1,13 3
S44 ... EE1(K)=EE(N,K) %
545 ... 9 CONTINUE :
$45 ... C SCALING OF THE AXIS THAT IS UNITS PER INCH OF fLOT }

| 547 ... AAC14)=0.0 ¥

! 548 ... EE1(14)=0.0

: 549 ... AAC15)=0.33333333 ;

: 550 ... EE1(15)=0.33333333 S

‘ 551 ... C LOGIC TO DETERMINE THE AFFROFRIATE SHADES AND .

; 552 ... C SYMEOLS OF GRAFHS. .

; 553 ... IF (N.EQ.1) M=t ]
554 ... IF (N.EQ.3) M=1 .

{ 555 ... IF (N.EQ.S5) h=1 t

i 556 ... IF (N.EQ.2) M=0 :

i 557 uu IF (N.EG.4) M=0 )

‘ 558 ... IF (N.EQ.&) M=0 :

! 559 ... IF (N.EQ.1) I=2

i 560 ... If (N.EQ.3) 1=3
S61 ... IF ¢N.EG.S) I=S

l S62 ... IF (N.EQ.2) I=5

: 43 L., IF (N.EQ.4) I=5

l 64 ... IF (N.EQ.6) 1=5

| SeS ... IF SNLEG.3) CALL NEWFEN (2)

, 66 ... IF (N.EG.5) CALL NEWFEN (4)

: 67 ... C  FLOTTING 06 THE SIX GRAFHS

( 569 ... CALL LINE (EE1,na,13,1,H.1) ;s

i Y69 ... 11 CONTINUE

| 570 ... CALL PLOT (4.5,0.0,999) i
571 ... RETURN
572 ... END
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